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Abstract
Subduction-zone processes are challenging to study because of the rarity of good 
exposures and the complexity of rock relationships within accretionary prisms. In south-central 
Alaska, a remarkably well-preserved exposure of subduction-related outcrops is located at the 
foot of Nelchina Glacier. Here, the crystalline basement of the Talkeetna volcanic arc is in 
contact with the melange of its associated accretionary complex along the Border Ranges fault. 
A new zircon U-Pb age of an amphibolite from the Talkeetna arc mid-crustal basement just north 
of the fault is 188.9 ± 2.2 Ma, coincident with previously published dates from the mafic section 
of the arc. A new amphibole 40Ar/39Ar age from the same outcrop yields a plateau age of 182.6 ±
1.3  Ma, reflecting cooling/exhumation of this part of the arc. The melange south of the arc and 
the Border Ranges fault, known as the McHugh Complex, comprises sheared metasedimentary 
rocks, metavolcanic rocks, and chert, and in the Nelchina area it includes a roughly 100-m- 
diameter block of pillow lavas that are undeformed but altered. Detailed compositional data 
show that the pillow lava block formed in an intraplate setting. New whole-rock 40Ar/39Ar 
analyses of two pillow-lava samples yielded irregular plateaus with an approximate age of 60 
Ma, which we interpret to be largely reset due to reheating. Hypabyssal dikes crosscut the 
melange, as well as younger accretionary prism deposits in the area, and provide a new zircon U- 
Pb age of 53.0 ± 0.9 Ma, which coincides with ages of near-trench plutonism across southern 
Alaska. This plutonism has been ascribed to subduction of a spreading ridge that migrated 
eastward along the southern Alaska margin. These new ages constrain the McHugh Complex 
formation and subsequent hydrothermal alteration to pre-55 Ma. We suggest that the pillow lava 
was originally part of a Triassic (or earlier) seamount that was decapitated and incorporated into 
the melange as the oceanic plate entered the subduction zone. The pillow lava subsequently 
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underwent extensive hydrothermal alteration that almost completely reset its age during the ridge 
subduction event. We further posit that the Talkeetna volcanic arc and its associated accretionary 
prism sediments were in their current configuration during the ca. 55 Ma plutonism that was 
common throughout southern Alaska.
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Chapter 1: Introduction
Accretionary prisms associated with volcanic arcs are important for understanding the 
growth and accretion of continental crust at convergent margins. The inboard melange of 
accretionary prisms records both the sedimentation and tectonic history of subduction, uplift, and 
post-accretion deformation (Festa et al. 2010, Festa et al. 2012). Melange assemblages include a 
complex sedimentation sequence that results from imbrication of seafloor sediment as it is 
scraped off of the down-going plate or from mass wasting of the wedge (Festa et al. 2010). 
However, information can be difficult to extract from these complex rock units. The Franciscan 
complex in California is perhaps the most well-studied accretionary complex in the world, as it 
has been mapped and analyzed for well over 100 years (Lawson 1895; Wakabayashi 2015), but 
is still not completely understood. The Falls Lake melange in central North Carolina is part of an 
accretionary complex that was deposited in the Cambrian, then subsequently overprinted during 
the Taconic and Alleghenian orogenies (Horton et al. 1986). This melange was only described 
relatively recently, illustrating the difficulty of even recognizing accretionary prisms, especially 
after they have experienced such complex tectonic histories.
At the terminus of Nelchina Glacier in southern Alaska, Talkeetna arc basement is in 
contact with its associated accretionary prism along the Border Ranges fault (BRF; Figure 1.1). 
Here, recent glacial retreat has revealed new exposures of melange. In this 0.5 x 2 km area, the 
basement of the Jurassic Talkeetna arc, its associated accretionary prism, and the megathrust 
along which the prism was accreted are all exposed. This area presents a unique opportunity to 
place the newly exposed melange exposures within a regional framework using petrographic and 
geochemical analyses, constrain the timing of arc and melange accretion and deformation using 
geochronology, and determine the probable origins of blocks within the melange.
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To that end, this study had three main goals:
1) Map the area at the base of Nelchina Glacier at a scale of 1:10,000 in order to place 
analyses into their geological and geographical context.
2) Characterize the units within the melange using observations from outcrop, hand 
specimen, and thin section descriptions, as well as compositional data.
3) Constrain the timing of accretion and deformation of the melange using geochronology of 
the arc basement, basalts within the melange, and undeformed dikes that cross-cut the 
melange.
To accomplish the above objectives, I utilized a variety of methods. These methods are explained 
in more detail in chapter 2, unless otherwise specified. Mapping was accomplished on foot with 
the aid of GPS at a scale of 1:10,000. Representative samples that were taken for the following 
analyses are listed in Table 1.1. In order to characterize blocks within the melange, as well as 
rocks associated with the Talkeetna volcanic arc basement, I described outcrops, hand 
specimens, and thin sections of the samples. Mineralogical determinations from thin section were 
confirmed or clarified by detailed X-ray diffractometry (XRD). I performed X-ray fluorescence 
(XRF) on igneous samples within the melange and the arc to measure major and minor element 
compositions of whole rocks. The same samples were sent to Washington State University Peter 
Hooper GeoAnalytical Lab for trace- and rare-earth element analysis using inductively coupled 
plasma mass spectrometry (ICP-MS). Combined, the compositional data were used to classify 
each igneous rock and determine its tectonic environment of formation. Zircon U-Pb isotopic 
ages of a sample from the Talkeetna arc basement and a sample from dikes cross-cutting the field 
area were sent to the University of British Columbia. A third sample from a pillow-lava block 
within the melange was sent to the University of New Brunswick for zircon U-Pb dating. At each 
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university, laser ablation (LA) ICP-MS was used to determine isotopic ratios. All measurements 
and calculations associated with zircon U-Pb dating are presented in Table A.1, and in Figures 6 
and A.1. Finally, four samples were sent to the University of Manitoba to determine 40Ar/39Ar 
isotopic ages. The data for these analyses are summarized in tables A.2 and A.3, and in Figures 7 
and 12.
Chapter 1 of this thesis introduces the study, as well as an overview of melange and the 
geologic background of southern Alaska. Chapter 2 is a manuscript submitted to Canadian 
Journal of Earth Sciences, presenting results of the three main goals of the project listed above. 
It presents detailed petrographic, geochemical, and geochronological studies of bedrock from 
Talkeetna arc basement, new exposures of the Nelchina area melange, and dikes that crosscut the 
area. Chapter 3 presents my concluding remarks, as well as ideas for future work that I think 
should be pursued in this complex field area.
Melange
The term “melange” has been used in the literature since 1919 to refer to complexly 
disrupted and deformed “mixtures” of rock (Festa et al. 2010). Historically, the term has been 
descriptive rather than genetic, and has been used for broken formations and olistostromes of 
many different origins (Festa et al. 2010; Festa et al. 2012). Recently, there has been some effort 
to standardize the way in which melanges are described and to define the differences between the 
origins of melanges because this is significant for understanding the modes of deposition and 
deformation within subduction complexes (Cowan 1985; Festa et al. 2012, Wakabayashi 2015). 
In 1985, Cowan classified melanges in the North American Cordillera based on structural and 
lithologic characteristics (Cowan 1985). In contrast, Festa et al. (2010) classified melanges based 
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on their tectonic origin. Regardless of the classification, at its most basic a melange is a complex 
mixture of different rock types, usually with scale-independent block-in-matrix fabric.
Composition and size of blocks included in the melange can vary significantly depending 
on the origin of the melange. The term ‘exotic blocks' is used for blocks within melange that are 
of higher metamorphic grade than the melange matrix, and also for rocks that are not part of the 
original formation, such as a blueschist block in a shale matrix (Wakabayashi 2015). The 
presence or absence of exotic blocks can therefore help determine the nature of the melange. 
Tectonic melanges are made up of tectonically disrupted ocean plate stratigraphy, and all parts of 
it are usually metamorphosed to the same grade and include no exotic blocks (Festa et al. 2010; 
Wakabayashi 2015). Sedimentary melanges are disrupted sequences resulting from sedimentary 
processes, such as gravitational sliding, and include exotic blocks (Festa et al. 2010; 
Wakabayashi 2015).
In southern Alaska, the melange associated with the Jurassic Talkeetna volcanic arc is 
known as the McHugh Complex, first described by Clark (1973). The McHugh Complex is a 
Type II melange, which is a “progressively disrupted sequence of mudstone, tuff, chert, and 
sandstone" (Cowan 1985). According to Cowan (1985), both Type I and II melanges are 
deposited by gravitational mass wasting, usually in a slope environment, resulting in the creation 
of olistostromes (Cowan 1985). Festa et al. (2010) classify the McHugh Complex as a broken 
formation, or tectonic melange. They also suggest that melange types I, II, and III of Cowan 
(1985) are progressively more disrupted stages of tectonic melange at the same tectonic setting 
(Festa et al. 2010). The McHugh Complex is a tectonic melange because it contains no exotic 
blocks and is progressively disrupted ocean plate stratigraphy. A detailed description of the 
blocks within the melange at the base of Nelchina Glacier can be found in Chapter 2.
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Geologic Background
Southern Alaska terranes
The southern Alaska margin is made up of two composite allochthonous terranes that 
accreted throughout the Mesozoic and Cenozoic eras. These are the Wrangellia and Chugach- 
Prince William composite terranes (Figure 1.1; Plafker et al. 1994). The Wrangellia composite 
terrane comprises the Peninsular, Wrangellia, and Alexander terranes. Whereas the composite 
terrane accreted to North America in the Late Jurassic to Early Cretaceous (Trop and Ridgway 
2007), it is likely that the individual terranes formed as one landmass or were accreted into one 
composite terrane before docking with the continent (Plafker et al. 1989). The Peninsular terrane 
makes up the majority of southwestern and south-central Alaska and is primarily made up of the 
Talkeetna arc and its overlying sedimentary sequences (DeBari and Coleman 1989; Rioux et al. 
2007). This ocean island arc was active from ca. 202 to 153 Ma (Rioux et al. 2007).
The Chugach-Prince William terrane is the exposed accretionary prism of the Jurassic 
Talkeetna volcanic arc (Figure 1.1). The Border Ranges fault (BRF) is the subduction megathrust 
along which the Chugach terrane was accreted in the Late Jurassic and throughout the 
Cretaceous (e.g. Mackevett and Plafker 1974; Plafker et al. 1994; Pavlis and Roeske 2007; 
Amato et al. 2013). Paleogene reactivation of the fault is responsible for up to 130 km of offset 
(Pavlis and Roeske 2007). Rather than being a single fault strand, it is thought to comprise 
several anastomosing faults in a zone 5-20 km wide, prompting Pavlis and Roeske (2007) to call 
it the Border Ranges fault system.
The Chugach terrane represents the older portion of the subduction accretionary complex 
and began accreting to the southern margin of Alaska in the Late Jurassic; the Prince William 
terrane represents the portion that began accreting in the Paleocene and continued until the
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Eocene (Amato and Pavlis 2010; Amato et al. 2013; Garver and Davidson 2015). The Chugach 
terrane is made up of an inboard melange unit, the McHugh Complex, and the outboard coherent 
turbidite deposits of the Valdez Group (Figure 1.2; e.g. Plafker et al. 1994; Burns et al. 1991; 
Amato and Pavlis 2010). Volumetrically, an unnamed Late Triassic to Early Jurassic blueschist­
greenschist unit makes up about 1% of the Chugach terrane, the McHugh Complex is about 10%, 
and the rest is made up of the Valdez Group flysch (Roeske et al. 1989; Plafker et al. 1994).
The McHugh Complex
The McHugh Complex can be further subdivided into different assemblages. Clark 
(1973) recognized two different assemblages within the McHugh Complex: a metavolcanic 
sequence and a metaclastic sequence. The metavolcanic sequence comprises argillite, chert, 
basalt, and rare limestone. The metaclastic sequence comprises greywacke and conglomerate. 
Both sequences have been metamorphosed to prehnite-pumpellyite facies, and in some locations 
up to greenschist facies (Burns et al. 1991; Bradley et al. 1993). Amato et al. (2013) took this 
idea further, identifying three distinct sequences in the McHugh Complex: the Late Triassic to 
Early Jurassic greenschist-blueschist unit, the Potter Creek metavolcanic assemblage, and the 
McHugh Creek metaclastic assemblage. Studies of detrital zircons show that the source rocks for 
the Potter Creek assemblage are likely the Talkeetna arc of the Peninsular terrane and the Late 
Jurassic to Early Cretaceous Chitina arc of the Wrangellia terrane (Figure 1.1; Amato and Pavlis 
2010; Amato et al. 2013). Source rocks for the younger (metaclastic) McHugh Creek assemblage 
and the Valdez Group likely originated from the Coast Orogen of British Columbia (Amato and 
Pavlis, 2010; Amato et al. 2013).
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Outboard of the McHugh Complex is the Valdez Group. This immense package of 
coherent turbidites is in contact with the McHugh Complex on its northern edge along the Eagle 
River fault (Figure 1.2; Burns et al. 1991; Pavlis and Roeske 2007). It is in contact with outboard 
turbidite sediments of the Cenozoic Prince William terrane along the Contact fault (Figure 1.2; 
Plafker et al. 1994). Detrital zircon studies of the Valdez Group show that it has a maximum 
depositional age of 89 Ma and was being deposited until at least 72 Ma (Amato and Pavlis 2010; 
Amato et al. 2013).
Southern Alaska Near-Trench Magmatism
The Chugach-Prince William composite terrane has been intruded by Paleocene to early 
Eocene tonalite to granite composition dikes and sills (Barker et al. 1992; Bradley et al. 2000; 
Lytwyn et al. 2000). Exposed from Sanak Island off of the coast of the Alaska Peninsula to 
Baranof Island in southeastern Alaska, these near-trench intrusions are known as the Sanak- 
Baranof belt (after Hudson et al. 1979) and have been attributed to trench-ridge-trench triple 
junction subduction that migrated eastward across the southern Alaska margin in Paleocene to 
Eocene time (Bradley et al. 1993; Bradley et al. 2000; Bradley et al. 2003). Two plate tectonic 
configuration models have been put forward to explain near-trench magmatism in southern 
Alaska: Kula-Farallon ridge subduction and Kula-Resurrection ridge subduction (e.g. Bradley et 
al. 2003; Cowen 2003; Haeussler et al. 2003; Davidson and Garver 2017). The source of the 
debate between these two models is the placement of the triple junction and whether the 
Chugach-Prince William composite terrane was deposited in place, or transported from the south 
(Figure 1.3; Bradley et al. 2003; Davidson and Garver 2017). The first model requires only two 
plates whose existence has been widely accepted: the Kula and Farallon plates. In this model, the 
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Chugach-Prince William composite terrane was deposited off of the west coast of North America 
and was transported north to Alaska on the subducting Kula plate. As it was being transported, it 
passed over the Kula-Farallon ridge, located around the same latitude as Vancouver Island, 
British Columbia is today. The interaction of the trench with the overlying sediment emplaced 
plutons into the composite terrane, explaining the progressively younger ages from west to east 
in the Sanak-Baranof belt, as well as similarly aged plutons on Vancouver Island (Bradley et al. 
2003, Haeussler et al. 2003, Davidson and Garver 2017). The other model depends on both the 
Kula and Farallon plates, but introduces a new plate: the Resurrection plate (Bradley et al. 2003; 
Haeussler et al. 2003). The Resurrection plate is named after the Resurrection ophiolite, which 
would have been a part of the plate, and allows for the Chugach-Prince William composite 
terrane to have formed in place (Bradley et al. 2003; Haeussler et al. 2003). The evidence of its 
existence has been subducted, but the Kula-Resurrection ridge, along with the Resurrection- 
Farallon ridge, would also explain how near-trench plutonism arose. Included in this model are 
two triple junctions: one in southern Alaska, and one off of the west coast of North America near 
Vancouver Island. Both are subducting underneath North America, but the southern triple 
junction is stationary, while the northern triple junction sweeps from west to east across the 
southern Alaska margin as the Resurrection plate subducts, creating a slab window that causes 
intrusions into the overlying sediment (Bradley et al. 2003; Haeussler et al. 2003). Both of these 
models adequately explain the Sanak-Baranof belt, but debate between them is ongoing.
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Table 1.1: Sample list showing sample locations and types of analyses performed on each 
sample. Thin sections were made of every sample and is not listed in the table.
Sample Rock Type Northing (m) Easting (m) Analyses*
16Ba01 coarse-grained gabbro 6841587 495427
16Ba02 felsite dike 6839972 495488 XRF, XRD, ICP-MS, U-Pb
16Ba03 pillow trachyandesite 6840435 495669 XRF, XRD, ICP-MS, U-Pb, 
WR Ar/Ar
16Ba04-1 tonalite 6842547 495173
16Ba04-2 tonalite 6842547 495173
16Ba05 metasedimentary 6840799 495764
16Ba06 trachybasalt 6840532 495814 XRF, XRD, ICP-MS
16Ba07 trachybasalt 6840331 495743 XRF, XRD, ICP-MS
16Ba08 carbonate 6840301 495698
16Ba09 mudstone with tuff 6840121 495693
16Ba10 trachybasalt 6840364 495621 XRF, XRD, ICP-MS
16Ba11 breccia 6840330 495621
16Ba13 trachybasalt 6840446 495619 XRF, XRD, ICP-MS
16Ba14-1 felsite dike 6840778 495513
16Ba14-2 felsite dike 6840778 495513
16Ba15-1 sheared rock 6839715 495587
16Ba15-2 sheared rock 6839715 495587
16Ba16 trachybasalt 6840009 495583 XRF, XRD, ICP-MS
16Ba17-1 mudstone with tuff 6839828 495548
16Ba17-2 mudstone with tuff 6839828 495548
16Ba18 plagioclase-rich intrusive rock 6840259 495592
16Ba19 fine-grained gabbro 6841035 495460
16Ba20 tonalite 6841091 495525
16Ba21 amphibolite 6841159 495522 XRF, XRD, ICP-MS, U-Pb, 
Hbl Ar/Ar
16Ba22 felsite dike 6840950 495515
16Ba23-1 northern mesomelange 6840890 495528
16Ba23-2 northern mesomelange 6840890 495528
16Ba23-3 intrusive contact 6840890 495528
16Ba24 trachybasalt 6840324 495746
16Ba25 mudstone 6840173 495698
16Ba26 sulfide rich rock from BRUMC 6841522 495402
16Ba27 altered gabbro 6841530 495400
16Ba28 coarse-grained gabbro 6842512 495198 Hbl Ar/Ar
16Ba29 coarse-grained gabbro 6842512 495198
150715-12 pillow basalt 6840427 495672 XRF, XRD, ICP-MS,
*XRF - X-ray fluorescence; XRD - X-ray diffractometry; ICP-MS - inductively coupled plasma mass spectrometry; U-Pb - laser ablation ICP- 
MS zircon U-Pb dating; Hbl Ar/Ar - Amphibole 40Ar/39Ar; WR Ar/Ar - Whole-rock 40Ar/39Ar
NOTE: XRD and XRF performed at the University of Alaska Fairbanks Advanced Instrumentation Laboratory. ICP-MS for trace- and rare-earth 
element composition performed at the Washington State University Peter Hooper GeoAnalytical Lab. U-Pb LA-ICP-MS zircon U-Pb dating 
performed at the University of British Columbia for samples 16Ba02 and 16Ba21, and at the University of New Brunswick for sample 16Ba03. 
All 40Ar/39Ar analyses performed at the University of Manitoba.
WR 40Ar/39Ar
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Figure 1.1: Regional map showing the general terrane configuration of southern Alaska. Dashed
box is the location of Figure 1.2. The location of the Late Jurassic Chitina arc from Trop and
Ridgway (2007). Modified from Garver and Davidson (2015).
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Figure 1.2: Detailed map of the Chugach-Prince William composite terrane showing the 
locations of its component parts. Also shown are the faults that bound each part of the composite 
terrane. The Border Ranges fault is the contact between the Chugach-Prince William composite 
terrane and the Wrangellia composite terrane. The Eagle River fault is the boundary between the 
melange and flysch of the Chugach terrane. The Contact fault is the boundary between the
Chugach and Prince William terranes.
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Figure 1.3: Schematic plate configuration map of the west coast of North America and southern
Alaska showing two different models during Eocene time. The model on the left shows the
Chugach-Prince William composite terrane being transported north to southern Alaska and 
passing over the subducting Kula-Farallon ridge. The model on the right shows the terrane being 
deposited in place, while the subducting Kula-Resurrection ridge sweeps from west to east across 
southern Alaska. The Resurrection-Farallon ridge remains stationary. TRT - trench-ridge-trench 
triple junction; S - Sanak Island; K - Kodiak Island; P - Prince William Sound; B - Baranof
Island; PAC - Pacific plate. Modified from Garver and Davidson (2015).
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Abstract
Subduction-zone processes are challenging to study because of the rarity of good 
exposures and the complexity of rock relationships within accretionary prisms. We report results 
of field mapping and petrographic, geochemical, and geochronological analyses of well- 
preserved subduction-related exposures in south-central Alaska, as well as dikes cross-cutting it, 
and crystalline basement juxtaposed against it. A new zircon U-Pb age from the mid-crustal 
basement is 188.9 ± 2.2 Ma, and its hornblende 40Ar/39Ar age is 182.6 ± 1.3 Ma, suggesting rapid 
cooling/exhumation of this part of the arc. The McHugh Complex melange south of the arc in 
this area includes a roughly 100-m-diameter block of pillow lavas that are undeformed but 
pervasively hydrothermally altered. New detailed compositional data indicates the block formed 
in an intraplate setting. We suggest that the pillow lava was part of a seamount that was scraped 
off of the downgoing oceanic plate. 40Ar/39Ar analyses of these samples indicate reheating, 
probably by hypabyssal dikes that cross-cut the melange and younger accretionary prism 
deposits (Valdez Group) in the area. A new zircon U-Pb age of 53.0 ± 0.9 Ma from the dikes 
coincides with ages of near-trench intrusions across southern Alaska that are associated with 
migration of a spreading ridge. The new ages presented here constrain McHugh Complex 
formation and subsequent hydrothermal alteration to pre-55 Ma. We further posit that the 
Talkeetna volcanic arc and its associated accretionary prism sediments were in their current 
configuration during the ca. 55 Ma plutonism that was common throughout southern Alaska.
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I. Introduction
Arc-forearc relationships are difficult to study but are key to understanding processes 
that contribute to continental growth. Active margins are offshore and underwater, potentially 
buried by sediment. Ancient accretionary prisms are disrupted to varying degrees by substantial 
metamorphism and extensive large-offset faulting. The Franciscan Complex in California, for 
example, has been studied for >100 years (Lawson 1895; Wakabayashi 2015) due to its 
importance in understanding subduction-zone processes. Complexities of this type III melange 
(cf. Cowan 1985) include the variability in degree of metamorphism of blocks that also have 
extremely variable origins and conflicting metamorphic paths, preserved within a mud matrix 
that is much lower grade (Cowan 1978). There is still no definitive age for subduction onset or 
duration (Mulcahy et al. 2018, and references therein). Similarly, the Falls Lake melange in the 
Piedmont of North Carolina, also a type III melange (cf. Cowan 1985), contains variably 
metamorphosed pods within a matrix of a different composition (Horton et al. 1986). This 
melange was only recently recognized as such because it was overprinted several times by later 
orogenic events after its accretion in the Cambrian. Ancient and overprinted assemblages such as 
these and the McHugh melange in southern Alaska continue to be examined for their significant 
insight into subduction zones.
In southern Alaska, near the retreating terminus of the Nelchina Glacier, the mid-crustal 
section of the Jurassic Talkeetna volcanic arc is in contact with the arc's associated accretionary 
melange, the McHugh Complex (Figure 1; Pessel et al. 1981; Burns et al. 1991; Wilson et al. 
2015). The contact between them is the Border Ranges fault (BRF; Figure 1), a major fault that 
is considered the subduction megathrust responsible for arc accretion (Plafker et al. 1994) and is 
heavily overprinted by Late Cretaceous to Early Paleogene strike-slip faulting (Pavlis and
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Roeske 2007). In the Nelchina area, the following constituents are well exposed within a 0.5 x 2 
km area that we mapped (Figure 2): the melange of the accretionary complex; the contact 
between the forearc and the arc; and the mid-crustal gabbroic section of the arc (Burns et al. 
1991; Burns 1996).
Bedrock near the Nelchina Glacier was previously mapped in detail with the aim of 
deciphering the petrologic relations of the well-exposed Talkeetna arc mid-crustal section (Burns 
1985, 1996). Reconnaissance mapping south of the arc exposures, including the metasedimentary 
melange sequence, was published in 1981 (Pessel et al. 1981). Glacial retreat since these maps 
were published has exposed large tracts of previously unmapped bedrock, including a block of 
pillow lava within the metasedimentary unit ~1 km south of the arc, and an intensely 
cataclastized zone within the accretionary complex (Yakimova and Nadin 2017). The recently 
exposed bedrock presents an opportunity to better characterize the accretionary prism and its 
relation to the juxtaposed arc section, thereby gaining further insight into the timing and nature 
of accretion, subduction, uplift, and subsequent deformation history of southern Alaska.
In order to determine the relationships between arc and forearc across the boundary, this 
paper presents the results of mapping and new geochemical and geochronological analyses of arc 
and associated melange units. Our new 1:10,000-scale map of the area provides context for the 
analytical work, which reveals that both mid-ocean ridge basalt (MORB) and within-plate basalt 
(WPB) were caught in the accretionary prism. Whole-rock and amphibole 40Ar/39Ar and zircon 
U-Pb dates constrain the emplacement and alteration ages of Talkeetna arc basement and igneous 
rocks within the melange, and a new U-Pb zircon date on a hypabyssal felsic dike that crosscuts 
the melange constrains the end of BRF-related deformation. Our new analyses and mapping 
provide the framework for interpreting the effects of a ~200m by 250m seamount entering the 
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subduction zone, and how widespread near-trench plutonism across southern Alaska related to 
ridge subduction may have driven the pervasive hydrothermal alteration in the area.
II. Geologic Background
The southern margin of Alaska is primarily defined by two distinct composite terranes— 
the Wrangellia and the Chugach-Prince William composite terranes (e.g., Pavlis 1982; Bradley 
et al. 1993). The Wrangellia composite terrane comprises the Peninsular, Alexander, and 
Wrangellia terranes (Plafker and Berg 1994). The Chugach-Prince William composite terrane 
(also known as the Southern Margin composite terrane (e.g., Plafker et al. 1994)) consists 
primarily of a thick package of coherent turbidites outboard of less volumetrically significant 
melange and blueschist units (Plafker et al. 1994). The boundary between the Wrangellia and 
Chugach-Prince William terranes has been defined as the Border Ranges fault (BRF) (e.g., 
MacKevett and Plafker 1974; Plafker et al. 1994; Pavlis and Roeske 2007). This fault was active 
in the Jurassic and early Cretaceous and is credited with the accretion of the Chugach terrane to 
southern Alaska (MacKevett and Plafker 1974; Pavlis and Roeske 2007). Along the BRF, the 
Chugach terrane is juxtaposed against the Peninsular and Wrangellia terranes, which comprise 
mainly Triassic to Jurassic magmatic arcs (Plafker et al. 1994). One of the most recognized of 
these magmatic arcs is the Jurassic Talkeetna arc, which is a large constituent of the Peninsular 
terrane, which is in turn part of the Wrangellia composite terrane (Plafker et al. 1989, 1994; 
Plafker and Berg 1994).
The Talkeetna arc of southern Alaska was an oceanic island arc that was active for ca. 40 
m.y.—from 207 to 167 Ma (e.g., Amato et al. 2007). The entire arc section is preserved in the 
Chugach Mountains, from its lower crustal roots to its surface eruptive sequence (Rioux et al.
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2007). What is considered to be the mid-crustal section of the arc is exposed along the BRF from 
the central Chugach Mountains southwest to Kodiak Island (Burns 1985). This complex, known 
as the Border Ranges ultramafic and mafic complex (BRUMC), is made up of cumulate 
ultramafic and gabbroic rocks that were later intruded by trondhjemite dikes (Burns 1985). This 
complex served as the crystalline backstop for the accretionary prism during subduction south of 
the arc (Little and Naeser 1989; Figure 1 of Clift and Vannucchi 2004).
South of the BRUMC and the BRF, the Chugach terrane is discontinuously exposed in an 
arcuate fashion from Kodiak Island in the southwest to Baranof Island in southeast Alaska 
(Figure 1). The inboard melange of the Chugach terrane is the McHugh Complex (Clark 1973). 
The melange is made up of two primary assemblages: a metaclastic unit and a metavolcanic unit. 
In this study, we refer to the metavolcanic unit as the Potter Creek Assemblage and the 
metaclastic unit as the McHugh Creek Assemblage, after Amato et al. (2013). The Potter Creek 
assemblage is older and makes up the inboard exposures of the McHugh Complex. It comprises 
complexly deformed and intermingled chert, argillite, basalt, and metavolcanic rocks, with local 
limestone and pillow basalts. This part of the melange is a type II melange (after Cowan 1985), 
due to its stratal disruption and olistostromal nature (Kusky et al. 1997). The younger McHugh 
Creek assemblage makes up the outboard part of the complex and comprises massive greywacke 
and conglomerates (Clark 1973; Amato and Pavlis 2010). The McHugh Creek assemblage is 
well-exposed along the north side of the Turnagain Arm, south of Anchorage (Figure 1). Studies 
have indicated that the McHugh Complex was intermittently accreted during episodes of 
subduction erosion and accretion from the Late Jurassic to Late Cretaceous (e.g., Haeussler et al. 
2006; Bradley et al. 2007; Amato and Pavlis 2010). Based on detrital zircon studies, the sediment 
sources for the Potter Creek assemblage were the Chitina arc and the Talkeetna arc, both of 
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which are part of the Wrangellia composite terrane (Amato and Pavlis 2010). The younger 
McHugh Creek assemblage was likely sourced from the Coast orogen in the late Cretaceous 
(Amato and Pavlis 2010).
The Eagle River fault, a thrust fault which forms the southern boundary of the McHugh 
Complex in the western Chugach Mountains, separates the melange from outboard and more 
volumetrically significant turbidites of the Valdez Group (Burns et al. 1991; Plafker et al. 1994). 
This large package of flysch is coherent and relatively undeformed, but has been variably 
metamorphosed from zeolite to greenschist facies (Plafker et al. 1994). Detrital zircon U-Pb ages 
of the Valdez Group indicate that its maximum depositional age is Late Cretaceous (e.g., Amato 
and Pavlis 2010; Kochelek et al. 2011). The sediment source for the flysch was likely the Coast 
orogen of British Colombia, Canada (Amato and Pavlis 2010).
III. Methods
Mapping
A 1 km2 area was mapped and sampled on foot at a scale of 1:10,000 (Figure 2). Location 
information was determined using GPS, North American Datum 1927, UTM Zone 6. Eight map 
units were defined based on observed structures and, when possible, mineralogy. Ages assigned 
to each unit were based on Burns et al. (1991), and refined by new isotopic ages (e.g. specifying 
Jurassic vs. Mesozoic). Six mappable faults cut the area. Paleogene units include an undeformed 
matrix-supported conglomerate and three undeformed cross-cutting felsic dikes. Mesozoic units 
consist of undifferentiated gabbro (Early Jurassic), pillow lavas, metavolcanic rocks, 
metasedimentary rocks, undifferentiated melange, and deformed melange. Thirty-five 
representative samples were collected of fresh bedrock. Work was concentrated in the McHugh 
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complex and adjacent arc section and neither mapping nor sampling extended southward into the 
Valdez Group flysch.
Mineralogy
Thin section examination indicated that most of the samples are altered to fine-grained, 
complexly-intergrown assemblages, making mineral identification challenging. Ten samples 
were selected for powder x-ray diffraction (XRD) analysis. The samples were milled in the Spex 
8000D Mixer/Mill for three to five minutes. To get the grain size of the resultant material below 
five pm, samples were micronized for ten minutes. Two mL of the micronized material were 
analyzed on a PANalytical X'Pert MRD x-ray diffractometer, and PANalytical's HighScore 
software was used for spectra interpretation.
Geochemistry
Major and minor element compositions were determined using wavelength dispersive x- 
ray fluorescence (WD-XRF) at the UAF Advanced Instrumentation Laboratory (AIL). Samples 
were crushed into fragments (typically to <0.5cm), then ~10g were milled for three to five 
minutes in a Spex 8000D Mixer/Mill using an 8001 hardened steel vial (~1.5% Cr, 1% C, 0.4% 
Mn, and 0.3% Si). Between samples, the milling vials were cleaned by milling quartz for three 
minutes, then rinsed with isopropyl alcohol. Resultant sample powders were mixed with a 
binding agent (10 drops of polyvinyl alcohol) and pressed into a 34mm pellet at 20,000 PSI for 
five minutes. Each pellet was analyzed using a custom PANalytical ProTrace routine on the WD- 
XRF. In order to determine volatile content of samples, approximately one gram of milled 
material was put into a ceramic crucible, which was heated in a muffle furnace for two hours at 
1000°C. The sample was weighed both before and after heating to determine loss on ignition.
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The PANalytical ProTrace routine was calibrated using 59 standards of a wide variety of 
materials. These standards have well-constrained compositional data and were used to create 
calibration curves so that the software could calculate concentrations from counts. Standards 
used for each sample were as close in composition to the sample as possible. In order to test 
accuracy of the WD-XRF after calibration was complete, a well-categorized basalt from Brown's 
Hill Quarry, Alaska, was used as a working standard.
Trace and rare-earth elemental data were collected using laser ablation inductively 
coupled plasma mass spectrometry (LA ICP-MS) at Washington State University's Peter Hooper 
GeoAnalytical Lab. Their methodology is described in Knaack et al. (1994).
U-Pb Geochronology
Three samples were selected for U-Pb geochronology: a mafic phaneritic rock from the 
base of the exposed arc section in the study area (16Ba21), a pillow lava from within the 
melange sequence (16Ba03), and a felsic dike that crosscuts the melange (16Ba02). Zircons for 
U-Pb geochronology were separated at Overburden Drilling Management Limited (ODM) using 
electric pulse disaggregation. Samples 16Ba02 and 16Ba21 were processed first, and their 
separated zircons were sent to University of British Columbia Pacific Centre for Isotopic and 
Geochemical Research for dating by LA ICP-MS. Sample 16Ba03 was determined by XRF to 
have high enough Zr concentration to warrant searching for zircons. After processing by ODM, 
these zircons were sent to the University of New Brunswick LA ICP-MS facility. LA ICP-MS 
zircon U-Pb dating methodology is described in Tafti et al. (2009).
40Ar/39Ar geochronology
Four samples were selected for 40Ar/39Ar thermochronology: the same mafic phaneritic 
rock for which a zircon U-Pb age was determined (16Ba21); a coarse-grained gabbro from
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within the arc section (16Ba28); and two different pillow lavas (16Ba03 and 150715-12). Dates 
from the two arc samples came from separated hornblende, while dates from the two pillow lavas 
were determined from the whole rock. The 40Ar/39Ar Geochronology Lab at the University of 
Manitoba crushed, separated, and dated the rocks and mineral separates.
Analyses were performed using a multi-collector Thermo Fisher Scientific ARGUSVI 
mass spectrometer, linked to a stainless steel Thermo Fisher Scientific extraction/purification 
line and Photon Machines (55 W) Fusions 10.6 CO2 laser. Argon isotopes (from mass 40 to 37) 
were measured using Faraday detectors with low noise 1 x 1012 Q resistors and mass 36 was 
measured using a compact discrete dynode (CDD) detector. The sensitivity for argon 
measurements is ~6.312 x 1017 moles/fA as determined from measured aliquots of Fish Canyon 
sanidine (Daze et al. 2003; Kuiper et al. 2008).
IV. Results
Map Units
Gabbro, undifferentiated (Jgu) - These exposures of the Talkeetna arc have been mapped and 
interpreted as belonging to the mid-crustal section of the BRUMC (Burns 1985, 1996). They lie 
north of the melange that this study focuses on, and north of the mapped trace of the BRF, which 
is covered by alluvium and glacial debris at the arc-melange contact in the study area (Figure 2). 
The most well exposed arc rocks were sampled nearest to the melange outcrops. These were 
previously mapped as gabbro (Pessel et al. 1981), but thin-section analyses reveal the rock is 
~80% amphibole (Figure 3). We classify it as an amphibolite based on high amphibole content 
and weak fabric. Just north of this outcrop, collected samples are coarse-grained gabbro (sample 
16Ba28) and tonalite dikes, as interpreted through thin-section analysis.
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The amphibolite unit is ~5 m across at its widest and is largely undeformed but fractured, 
with calcite filling the fractures. It is fine-grained and black, with a weak fabric that strikes 
approximately east-west. Thin section analysis reveals anhedral and mostly pristine amphibole, 
with minor chlorite alteration along cleavage planes and grain fractures (Figure 3). Plagioclase is 
pervasively altered to zoisite and white mica and makes up ~10% of the rock. It is too altered to 
get a reliable composition. Sparse grains of unaltered plagioclase are An5 (secondary albite) 
based on the Michel-Levy method. Apatite and zircon are accessory phases, along with ilmenite 
mantled by titanite (Figure 3). Pyrite occurs as small disseminated grains. Amphibole 
composition was determined by XRD to be ferro-pargasite.
XRF and ICP-MS on sample 16Ba21 for major, minor, trace, and rare-earth elements 
(Table 1) are most consistent with a MORB composition. Tectonic discrimination diagrams 
indicate that this rock has a MORB composition (Figure 4), but with some trace and rare-earth 
element (REE) concentrations up to 4 times that of normal MORB (N-MORB) (Figure 5).
Sample 16Ba21 yielded 20 zircons, from which 16 ages cluster on a U-Pb concordia plot 
at a weighted average of 189.9 ± 2.2 Ma and MSWD of 2.5 (Figure 6). The outlying four zircon 
U-Pb isotopic ages from this sample are also concordant but significantly younger than the main 
population, at 70.5 ± 2.6 Ma, 71.3 ± 1.6 Ma, 76.9 ± 1.9 Ma, and 102.5 ± 2.5 Ma. These outlier 
zircons are densely zoned, unlike the clustered zircons, and their ages likely indicate Pb loss, a 
later stage of zircon growth, a combined crystallization age with later zircon growth, or a more 
complex growth history.
Single-crystal 40Ar/39Ar analyses of hornblende from samples 16Ba21 (amphibolite) and 
16Ba28 (gabbro near amphibolite) yielded well-behaved age spectra. Plateau ages of 182.6 ± 1.3 
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Ma (MSWD = 0.24; %39Ar released = 100; Figure 7) and 184.0 ± 1.3 Ma (MSWD = 0.17; %39Ar 
released = 57.1; Figure 7), respectively, are within error of one another.
Several dikes cut the mafic exposures near the southern edge of the arc in this area. In 
outcrop, these are white, coarse-grained intrusive bodies up to 5m across. Thin sections reveal 
the dikes are made up primarily of anhedral plagioclase and quartz. Plagioclase (An25-35) is partly 
altered to sericite. Plagioclase twin deformation and undulatory extinction in quartz indicate that 
the rocks have been modestly deformed. All mafic minerals in these dikes have altered to 
chlorite.
Metasedimentary rocks (Mzms) - Sedimentary protoliths of the Nelchina melange in this area 
have been metamorphosed to greenschist facies and have a distinct east-west striking fabric that 
parallels the local trace of the BRF. The metamorphic rocks include black very fine-grained 
metasediments, white-gray chert, green tuff, and rare limestone. Precise contacts with the 
northernmost dike to the north and the pillow lavas to the south are concealed by glacial till, but 
these units are only separated by ~20 m. Disseminated sulfides—primarily pyrite and lesser 
chalcopyrite—are visible in outcrop. Black mudstone that weathers orange makes up most of the 
metasedimentary rock volume in the area, and locally includes isolated chert ribbons and green 
tuff layers that are 2-3cm wide. This mudstone consists primarily of very fine- to fine-grained 
quartz; very fine-grained calcite, mica, and graphite; and minor albite and chlorite. Joints and 
fractures are filled with quartz and calcite. A stretched and folded white-gray ribbon chert block, 
~10 m wide, is also exposed in the area. No fossils are visible in thin section, but elsewhere in 
the McHugh Complex, chert bodies with radiolarians of Late Triassic, Early Jurassic, and Early 
Cretaceous ages are reported (Nelson et al. 1987, Bradley and Miller 2006). Permian limestones 
have also been reported in the McHugh near Anchorage (Bradley and Miller 2006). In outcrop 
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and hand specimen, tuff is recognized in the metasedimentary units as wisps and thin layers of 
green swirled in with the chert and black mudstone (Figure 8). In thin section, the tuffaceous 
material is made up of broken grains of alkali feldspar and quartz, with a matrix of chlorite that 
grows around broken feldspar and quartz clasts (Figure 8).
Metavolcanic rocks (Mzmv) - The second-most dominant rock type in the Nelchina melange is 
metavolcanic. These are non-uniformly distributed throughout the McHugh Complex in this 
location, but are likely related genetically (see geochemistry section below). Just south of the 
large mudstone unit, an ~100 m wide block of pillow lava is preserved (Figure 2) as a less- 
altered “core” within an ~250 m-wide metavolcanic block. The pillow lava, like the rest of the 
melange, is metamorphosed to greenschist facies. However, the pillow structures are preserved 
well, with individual pillows up to 1 m wide and flattened in the upper, but not in the lower, parts 
of the outcrop (Figure 9). The rinds of the pillows are green, while the interiors are black and less 
altered. Outcrop evidence of pervasive alteration throughout these rocks (and the entire McHugh 
Complex) includes disseminated pyrite and calcite stringers. In thin section, glass from samples 
150715-12 and 16Ba03 has been heavily altered to chlorite, but plagioclase laths up to 1mm long 
are preserved in random orientations (Figure 9). Most plagioclase is secondary albite, but some 
grains have been replaced by variably sized sericite and quartz, which are sometimes intergrown 
with chlorite.
Away from the core of the block, pillow structures become progressively more obscure 
until they are entirely absent. However, geochemical data (Table 1) indicate that the remainder of 
the block is the same composition as the pillowed area. In sample 16Ba07, the lavas are 
amygdaloidal with voids filled by calcite, chlorite, and epidote (Figure 10). Small plagioclase 
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laths are less common here than in sample 150715-12, but still visible in thin section within a 
fine-grained groundmass that has been altered to a complexly intergrown mineral assemblage.
Compositional data obtained for metavolcanic rocks in the melange are summarized in 
Table 1. As these rocks have been subjected to hydrothermal alteration, the classification of 
Winchester and Floyd (1977) was used based on immobile elements (Figure 11). Based on their 
classification, the metavolcanic rocks in the melange are all trachybasalt except for 16Ba03, 
which is a trachyandesite. Based on various tectonic discrimination diagrams (Figure 4), the 
trachybasalt samples come from a within-plate setting, except for 16Ba16, which is MORB. 
Trace and rare-earth element spider diagrams show a distinct trend for the within-plate basalts 
that closely follows the trend of average ocean island basalt from Sun and McDonough (1989) 
(Figure 5). Sample 16Ba03 follows the same trend but is more enriched in REEs and other 
incompatible elements. The spider-diagram curve for sample 16Ba16 closely parallels the N- 
MORB trend, showing a slight enrichment in trace elements and REEs. As mentioned earlier, 
sample 16Ba03 had a high Zr concentration and was sent for zircon separation and U-Pb dating. 
The ages spanned 3.5 Ga to 5 Ma, and we place no confidence in these results.
Step-heating 40Ar/39Ar analyses on whole-rock fragments (~1mm in diameter) of samples 
16Ba03 and 150715-12 yielded discordant age spectra. Step-heating analysis for sample 150715­
12 yielded a saddle-shaped age spectrum. Apparent ages increase to a maximum of ca. 80.0 Ma 
before falling to a saddle low of 57.0 ± 0.5 Ma (MSWD = 0.72; 31.3 % 39Ar released; Figure 
12a). The Ca/K values are low (~1) in the low-temperature steps and increase monotonically to a 
maximum of ~8 in the high-temperature steps. The increase in the Ca/K values coincides with 
the drop in apparent ages (Figure 12a). An additional analysis, on a separate aliquot, yielded a 
very similar release pattern with ages in the saddle low of 61.7 ± 1.7 Ma (MSWD = 4.0; for 35.3 
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% 39Ar released). The ages of the low-temperature steps, and the low Ca/K ratios, may reflect 
recoil of 39Ar (mixture of fine-grained sericite and chlorite), while the ages of the higher- 
temperature steps may reflect a mixture of sericite and plagioclase.
The age spectrum for sample 16Ba03 rises monotonically from ca. 50 Ma to a flat 
segment (two steps for 22.3% 39Ar released; Figure 12b) with an age of ca. 62.5 Ma. Two 
additional analyses, on separate aliquots, yielded very similar release patterns with ages in the 
flat segment, also represented by 2 steps, of 60.3 ± 4.3 Ma (for 30.7 % 39Ar released) and 60.1 ± 
1.7 Ma (for 23.1 % 39Ar released). Surprisingly, the Ca/K values are very low (<1) and indicate 
that the main potassic mineral is sericite; the monotonic increase in age may reflect the size of 
different white-mica domains. The smaller grains (small domains) may have a lower closure 
temperature than the larger domains (e.g., McDougall and Harrison 1988). The maximum 
apparent age may be interpreted to represent the maximum age estimate for the time of initial 
closure of sericite (~320°C; McDougall and Harrison 1988). Alternatively, the shape of the age 
spectra may reflect partial argon loss during a low-temperature thermal perturbation (presented 
in the Discussion section).
Mesomelange (Mzm) - This unit is made of complexly intermingled Mzms and Mzmv, much 
like the rest of the Nelchina melange in this location, but at a smaller scale. Blocks in this unit 
are generally no larger than 10 m. The boundaries between these blocks are commonly mudstone 
that has a fine lamination, but blocks are infrequently in direct contact. The lamination in the 
mudstone indicates mineral compaction and alignment and possible flow. This unit may 
represent progressive stratal disruption during olistostromal sliding, as suggested by Cowan 
(1985) for Type II melange.
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Deformed melange (Mzdm) - In outcrop, this unit has a fabric that is subparallel to the trace of 
both the BRF and the Eagle River fault. The rock is friable in outcrop and hand specimen. It is 
most similar to Mzms, as it contains both mudstone and green tuff swirled together. In this 
particular unit, however, chlorite in the tuffaceous parts (identified in thin section) defines a 
weak foliation that is not present in Mzms. In outcrop this section of the melange is foliated and 
folded, and in thin section chlorite is seen to flow around alklali feldspar and quartz clasts. The 
easternmost exposure of this unit in this location, along the shore of the Nelchina River, is 
pulverized fault rock (Yakimova and Nadin 2017). In thin section, relict quartz clasts within the 
fault zone are seen to be dynamically recrystallized, indicating that the fault was active from 
ductile into brittle conditions.
Hypabyssal (“felsite”) dikes (Pgi) - Three felsic hypabyssal dikes cross-cut the melange in the 
Nelchina area. They range from ~25 m to ~150 m wide (Figures 2 & 13), are undeformed but 
intensely altered, and have weathered to orange-pink. The southernmost of the three dikes is the 
most altered. The northernmost dike is the best exposed and least weathered, although it is still 
highly altered. Phenocrysts of plagioclase, which make up ~10% of the rock, are 3-4 mm long in 
a gray, aphanitic groundmass. In thin section, visible twins indicate that the plagioclase is albite, 
via the Michel-Levy method. These plagioclase phenocrysts have been almost fully altered to 
sericite and calcite. The fine-grained groundmass consists primarily of quartz, feldspar and white 
mica. Clusters of chlorite, white mica, and oxides are likely alteration products of previous mafic 
minerals. These clusters are sparse in the northernmost dike and absent from the southernmost 
dike. These dikes were originally classified as “felsite” (Burns et al. 1991) because they are 
felsic but their original compositions are impossible to determine. Although XRF analyses 
provide compositional data that would classify these dikes as dacite (Table 1), we return to the 
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original felsite nomenclature because the composition of the plagioclase is altered and the 
outcrop thus precludes proper classification.
The age of the southernmost of the three dikes that crosscut the Nelchina melange in this 
location was determined (Figure 2). The weighted mean 206U/238U age of sample 16Ba02 based 
on 20 zircons is 53.04 ± 0.93 Ma with a MSWD of 0.65 (Figure 6).
Chickaloon Formation (Pgcg) - This matrix-supported conglomerate is stratigraphically above 
all other units in the field area and unconformably overlies Mzdm in the southern part of the map 
area. Clast size varies from pebble to boulder. Except to note its contact with the melange, this 
unit was not mapped. Little (1988) and Little and Naeser (1989) provided a detailed description 
of the conglomerate in this study area.
V. Discussion
Cooling and uplift of the Talkeetna arc
This study presents the first detailed map of melange exposures at the base of Nelchina 
Glacier. Glacier retreat over the past 35 years has exposed significant tracts of outcrop since the 
last mapping (Burns et al. 1991), and presented the opportunity to expand our understanding of 
the Talkeetna arc and its related accretionary prism. We present here our interpretations based on 
new data from these exposures.
New U-Pb zircon crystallization ages of ca. 190 Ma (Figure 6) from BRUMC exposures 
just north of the Border Ranges fault in the Chugach Mountains support previous studies that 
place the Talkeetna intraoceanic arc against North America in the Jurassic period (Trop and 
Ridgway 2007). Exhumation and uplift are thought to have occurred along the Border Ranges 
subduction megathrust (Pavlis and Roeske 2007), which was active from late Triassic to early 
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Cretaceous (MacKevett and Plafker 1994; Pavlis and Roeske 2007). According to our new 
thermochronometric results, this portion of the arc cooled from zircon crystallization 
temperatures near 900 °C (Dahl 1997) to hornblende Ar closure temperatures of 500°C (e.g., 
Harrison 1981) in ca. 7 Myrs (Figure 7). Cooling and exhumation rates are influenced by many 
factors, including rock thermophysical properties, possible heat production in the region, fault 
kinematics and geometry, topography, and the erosion history of the region (e.g., Ehlers 2005; 
Braun, 2005). Such an evaluation is beyond the scope of our study, which focuses mainly on the 
melange, but our results are consistent with cooling ages determined by Rioux et al. (2007) and 
Hacker et al. (2011) for the Chugach Mountains and Alaska Peninsula. A very preliminary 
cooling rate of 50 °C/Myr for this section of the arc is consistent with block uplift as suggested 
by Little and Naesser (1989), but the early uplift and cooling history of this section of the arc has 
not yet been fully evaluated.
The trace-element and REE trend for the amphibolite does not indicate oceanic arc 
source; rather, it follows an N-MORB trend closely with Pb, P, and Ti enrichments (Figure 5). 
This rock is from the Talkeetna arc mid-crustal section but does not have an arc signature (Figure 
4). It also lacks the Nb-Ta anomaly typical of arc rocks (e.g., Morris and Hart 1983; McCulloch 
and Gamble 1991; Saunders et al. 1991). The geochemical data, paired with the anomalous rock 
type—amphibolite within a vast stretch of gabbro—leads us to interpret sample 16Ba21 as 
oceanic crust that was metamorphosed to hornblende-hornfels facies by intrusion of gabbronorite 
dikes and sills during arc plutonism (after Burns 1996).
McHugh Complex deposition
At the waning stages of arc accretion and Talkeetna arc volcanism in the Late Jurassic to 
Early Cretaceous, sediment began to fill the trench with input from both the arc and the 
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subducting oceanic lithosphere. The subducting plate was presumably buoyant, as the McHugh 
Complex records both subduction accretion and erosion episodes (Amato and Pavlis 2010, 
Amato et al. 2013). The oceanic plate was covered in clays and chert, and studded with 
seamounts, some reportedly with a limestone cap (Bradley and Miller 2006) that are Permian in 
age, based on fossil evidence (Bradley et al. 1999; Karl et al. 2015). We suggest that in our study 
area, such a seamount entered the subduction zone. The seamount is preserved as a ~200 m by 
250 m block of pillow lava with a well-defined within-plate origin (Figure 4) captured within 
melange of the accretionary prism. Following Cloos (1993), who suggested that even small 
seamounts (<1 -2 km tall) can have an effect on the accretionary prism, we suggest that the 
seamount in the Nelchina area could have impacted the subduction process in this location. This 
is supported by the prevalence of mesomelange outboard of the seamount, indicating disruption 
of the accretionary wedge during its subduction and incorporation into the accretionary prism 
(Cloos 1993; Dominguez et al. 2000).
The southern metavolcanic exposure has a distinctly different signature. Sample 16Ba16 
is N-MORB, based on trace-element and REE discrimination diagrams (Figures 4 & 5). This 
particular exposure may have been oceanic crust at the trailing edge of the subducting seamount, 
an interpretation which is strengthened by the proximity of ribbon chert and mudstone exposures.
The exposures of McHugh Complex in the Nelchina area form an ~2 km-long strip from 
north to south (Figure 2). They comprise a melange that is tectonic in origin, based on the 
definition of Wakabayashi (2015). Wakabayashi (2015) details a tectonic melange as one whose 
block-in-matrix structure developed primarily through tectonic processes, resulting in ocean­
plate stratigraphy lacking exotic blocks, and the same metamorphic grade throughout all blocks 
and including the matrix. In this study area, both the matrix of the Nelchina melange and the 
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blocks are metamorphosed to greenschist facies and all blocks are part of ocean plate 
stratigraphy, thus not exotic. The “block-in-matrix” descriptor is self-similar at multiple scales, 
and can be applied to the matrix between the larger blocks, which is finer-grained material that 
surrounds larger “blocks” that are only a few mm to cm in diameter. The matrix is clay- to sand­
size particles, flowing around and between these larger clasts (Figure 14). In outcrop, it 
resembles ductile shearing, but in thin section there is no evidence of dynamic recrystallization. 
The clasts that are caught in the matrix are the same types of rocks that make up the larger blocks 
within the Nelchina melange.
The constituents of the Nelchina melange match described occurrences of the McHugh 
Complex in southern Alaska, both west and south of the Nelchina area (e.g., Clark 1973, Plafker 
et al. 1994). However, the Nelchina melange is higher grade than these exposures, which are 
typically prehnite-pumpellyite (e.g., Clark 1973, Kusky et al. 1997). Whereas the McHugh 
Complex is typically metamorphosed only to prehnite-pumpellyite facies (e.g., Clark 1973, 
Kusky et al. 1997), exposures of greenschist and blueschist facies rocks related to the 
accretionary prism were mapped on Kodiak Island (Roeske et al. 1989), in the Seldovia 
quadrangle of the Kenai Peninsula (Bradley et al. 1999), and rare exposures of lower-greenschist 
facies McHugh Complex have been recognized in the northern Chugach Mountains (Plafker et 
al. 1994). The Nelchina melange is one of the much less common parts of the McHugh Complex 
that has been metamorphosed to greenschist facies, which indicates that this particular area was 
subducted more deeply before being uplifted and exhumed. An alternative is that it was 
overprinted by a later episode of high-temperature metamorphism.
Sedimentary blocks within this part of the McHugh Complex are made up primarily of 
chert and mudstone, which are frequently intermingled. These units are part of ocean floor 
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stratigraphy that were incorporated into the accretionary wedge and became part of the upper 
plate during subduction. Tuffaceous material is swirled in with the mudstone and chert, and 
following similar interpretations elsewhere (e.g., Amato et al. 2013), we suggest that it erupted 
from the Talkeetna arc and was deposited into the melange.
Post-McHugh Complex deposition and deformation
Granitic to tonalitic intrusions are common across both the McHugh Complex and the 
Valdez Group in what has been named the Sanak-Baranof belt of near-trench magmatism 
(Bradley et al. 1993, Bradley et al. 2000). This chain of intrusions is thought to have arisen due 
to the subduction of a ridge that then migrated eastward during Paleocene to Eocene time 
(Bradley et al. 1993, Bradley et al. 2000). The intrusions are small dikes parallel or perpendicular 
to the regional fabric, or large intrusions (Bradley et al. 2000). In the Nelchina area, McHugh 
Complex rocks are intruded by ca. 54 Ma undeformed dikes (Figure 6). These felsic hypabyssal 
dikes match the descriptions and compositional analyses of similarly aged dikes that intrude 
McHugh Complex and Valdez Group rocks elsewhere in the accretionary complex (Barker et al. 
1992, Bradley et al. 2000, Lytwyn et al. 2000). Their presence through Valdez and McHugh 
exposures indicates that Valdez Group rocks have been in place in southern Alaska since at least 
55 Ma. It would be exceedingly challenging to transpose these rocks from >2000 km away, as 
was recently proposed (Garver and Davidson 2015; Davidson and Garver 2017), in merely 15 
Myrs after they were deposited (ca. 70 Ma: Amato et al. 2010, 2013). Sustained plate rates of 
>13 cm/yr seem unlikely.
In addition to placing constraints on the timing of McHugh and Valdex deposition at the 
southern edge of Alaska, the zircon U-Pb dike age of ca. 53 Ma supports the trend of eastward- 
younging ages suggested by Bradley et al. (2000) for the Sanak-Baranof intrusive belt (Figure 
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15). It indicates that the study area underwent a high-temperature event at around this time. The 
40Ar/39Ar ages indicated by the lower-temperature saddles for the pillow basalts (Figure 12) can 
thus be interpreted as partial resetting of the argon isotope systematics.
Pervasive hydrothermal alteration through the area is recorded by fracture fill of quartz 
and calcite, chlorite-albite alteration in the basalts, the ubiquitous presence of pyrite, and the 60­
50 Ma reset ages of the basalt blocks within the melange. We suggest that this thermal event was 
driven by the ca. 55 Ma emplacement of the dikes during an interval of high heat flow that is 
consistent with passage of a spreading ridge at this location (Bradley et al. 1993; Bradley et al. 
2000). The currently exposed configuration places the seamount exposure between the 
northernmost dike, which is ~200 m wide and ~250 m away from the northern edge of the 
seamount, and the central dike, which is ~35 m wide and ~130 m from the southern edge of the 
seamount (Figure 2). It is impossible to determine the 55 Ma configuration of these dikes, which 
may have been connected as roof over the seamount, thereby imparting a significant thermal 
overprint. The mid-crustal exposures of the Talkeetna arc seem unperturbed by the intrusions: 
despite being also ~200 m away from the nearest dike, the hornblende 40Ar/39Ar analyses of both 
the amphibolite and its surrounding gabbro yielded well-defined plateau ages of ca. 185 Ma 
(Figure 7), close to the crystallization (U-Pb zircon) age of the amphibolite and significantly 
predating dike intrusion. The dikes are also completely undeformed in a region that is otherwise 
pervasively sheared, suggesting that deformation associated with the BRF is older than 55 Ma in 
this location. Prevalent fractures throughout the Nelchina melange, including in the 
metavolcanics, suggest that the thermal event drove substantial fluid flow through the melange, 
leading to quartz and calcite fill of the fractures.
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VI. Conclusions
In the region near the Nelchina Glacier of southern Alaska, the Talkeetna arc crystallized 
ca. 189 Ma and cooled quickly to 500°C in <5 Myrs. The adjacent McHugh Complex was 
deposited in the accretionary wedge of the arc, with input from both oceanic and accreted arc 
sources. McHugh Complex in this area consists of block-in-matrix melange, with blocks of 
mudstone, chert, tuff, pillow lava, and rare limestone, that was metamorphosed to greenschist 
facies. It contains two distinct blocks of oceanic crust, one that is MORB and the other that 
formed in a within-plate setting. We interpret the latter to be the remnants of a seamount that was 
scraped off in the subduction channel and altered the dynamics of subduction in the area.
Dikes of the Sanak-Baranof near-trench magmatic belt intruded the McHugh Complex in 
this area during Eocene time (ca. 55 Ma), likely mobilizing hydrothermal fluids that reset 
40Ar/39Ar ages of the seamount metavolcanics, obliterated pillow structures in the rim of the 
seamount metavolcanics tract, pervasively altered the melange, and deposited sulfides 
throughout the melange. These dikes cross-cut the regional shear fabric of the area, suggesting 
that both McHugh Complex and southward-adjacent Valdez Group rocks were in place in 
southern Alaska at the start of the Eocene epoch.
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Table 1: Summary of compositional data for igneous rocks in the Nelchina melange and in the 
adjacent Talkeetna volcanic arc mid-crustal section.
150715-12
(pillow 
basalt)
16Ba03
(trachy- 
andesite)
16Ba06 
(trachy­
basalt)
16Ba07 
(trachy­
basalt)
16Ba10 
(trachy­
basalt)
16Ba16 
(trachy­
basalt)
16Ba24
(trachy­
basalt)
16Ba02
(felsite)
16Ba21 
(amphi­
bolite)
SiO2 42 62 46 44 48 45 40 66 49
TiO2 3.7 0.8 2.8 3.0 3.2 2.1 3.3 0.3 1.5
Al2O3 12 15 15 15 16 13 14 16 11
Fe2O3a 13 7 11 13 11 15 14 2 18
MnO 0.1 0.1 0.1 0.2 0.1 0.4 0.2 0.0 0.2
MgO 11 1.9 5.9 5.8 5.6 7.2 6.1 3.1 10
CaO 5.9 2.2 10 8.1 6.5 8.6 10 1.2 7.7
Na2O 3.5 5.8 2.8 2.4 2.8 2.1 1.6 4.8 1.1
K2O 1.1 3.1 1.6 2.5 3.0 0.2 2.1 0.9 0.2
P2O5 0.7 0.2 0.4 0.6 0.5 0.2 0.8 0.1 0.2
Sum 92.5 98.1 96.1 95.2 96.5 93.0 92.1 94.5 97.9
LOI 6.2 1.9 5.6 4.3 4.5 10.0 5.9 5.9 1.7
Total 98.7 100.0 101.7 99.4 100.9 103.0 97.9 100.4 99.6
Rb 8.4 21 14 25 30 6.2 25 20 0.9
Sr 520 270 560 570 590 270 690 310 210
Ba 390 1700 840 1000 870 140 820 230 44
Cs 0.7 1.4 1.0 0.6 1.6 0.8 1.3 2.8 0.3
Pb 2.3 6.3 2.3 2.4 2.4 2.3 2.4 3.2 1.8
Y 31 41 26 29 27 43 32 6 41
Zr 270 500 270 270 310 120 300 110 90
Hf 6.6 13 6.1 6.9 7.7 3.3 7.6 2.9 2.4
Nb 26 40 38 24 25 4.0 26 1.2 4.7
Ta 1.7 2.4 2.4 1.5 1.6 0.3 1.7 0.1 0.3
Th 1.6 2.5 3.0 1.4 1.4 0.3 1.5 0.8 0.4
U 0.9 0.9 1.0 0.6 0.5 0.1 0.7 0.5 0.2
La 25 47 31 28 28 4.8 27 4.9 7.2
Ce 61 103 66 64 67 13 64 12 18
Pr 9.0 14 8.6 9.1 9.5 2.3 9.3 1.7 2.6
Nd 40 57 36 40 41 12 42 7.0 12
Sm 9.4 11.7 8.2 9.1 9.0 4.5 9.9 1.7 3.9
Eu 3.1 4.9 2.7 3.5 3.0 1.23 3.4 0.52 1.3
Gd 8.5 9.8 7.3 8.2 7.7 6.0 8.5 1.5 5.1
Tb 1.26 1.5 1.08 1.21 1.13 1.16 1.28 0.21 0.99
Dy 6.8 8.7 5.9 6.5 6.2 7.8 7.2 1.2 7.0
Ho 1.24 1.6 1.08 1.20 1.11 1.68 1.28 0.23 1.6
Er 3.0 4.1 2.7 2.9 2.7 4.8 3.2 0.60 4.6
Tm 0.40 0.57 0.35 0.38 0.36 0.71 0.42 0.09 0.70
Yb 2.3 3.5 2.0 2.2 2.1 4.3 2.4 0.54 4.7
Lu 0.34 0.52 0.31 0.33 0.30 0.71 0.35 0.08 0.75
Nib 36 3 140 60 60 60 60 10 60
Vb 280 30 140 200 180 1200 550 20 270
Crb 120 13 120 120 120 130 150 4 70
Sc 25 11 16 23 21 44 24 3.9 51
NOTE: Major and minor elements measured using X-ray fluorescence (XRF) at University of Alaska Fairbanks (UAF) Advanced 
Instrumentation Laboratory (AIL). Oxides and LOI are in wt%. Trace and REEs are in ppm. Analytical errors are 10% RSD except REEs, which 
are 5% RSD.
a) Fe2O3 is total Fe recalculated as Fe3+.
b) All trace elements measured using ICP-MS at Washington State University Peter Hooper GeoAnalytical Laboratory except these, which were 
measured using XRF at UAF AIL.
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Figures
Figure 1: Map showing the general terrane configuration of southern Alaska. The Border
Ranges fault (BRF) is thought to be the subduction megathrust boundary between the Talkeetna 
arc (Peninsular terrane) and the McHugh melange-Valdez Group flysch (Chugach 
terrane/accretionary complex). The dashed box shows the location of the inset in Figure 2.
(Modified from Garver and Davison 2015.)
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Figure 2: Map of Nelchina area melange showing recently exposed bedrock mapped in this 
study (see text for unit descriptions). Names, descriptions, and unit ages are generally adopted 
from Burns et al. (1991), whose mapping is copied here along the western edge of the map area 
in paler shades and with solid contacts. A blank legend item means there was no correlative unit. 
All sample locations discussed in the text are marked. New ages and their types are indicated by 
boxes. Samples 150715-12 and 16Ba03 yielded inconclusive 40Ar/39Ar ages, but their locations 
are marked on the map.
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Figure 3: Photomicrograph of amphibolite sample 16Ba21 from the Talkeetna arc exposure at 
the southernmost part of the Peninsular terrane in the study area. Hornblende (hbl) constitutes 
~80% of the sample. The remainder is sausseritized plagioclase (zo - zoisite), quartz (qtz), and 
ilmenite (ilm) with titanite (ttn) reaction rims.
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Figure 4: Tectonic discrimination diagrams for sampled basalts showing that the trachybasalts 
from within the melange have primarily within-plate origins, except for sample 16Ba16 which 
plots as N-MORB. Sample 16Ba21 also plots as N-MORB, but it is an amphibolite from the
Talkeetna arc, rather than a trachybasalt block in the melange. In I, II, and IV, filled squares are 
data from this study, open circles are data from Plafker et al. (1989), and open triangles are from
Nelson and Blome (1991). Only samples from this study plotted in III, as Nb in samples from the 
literature were below detection values. I) Ti-Zr-Y diagram after Pearce and Cann (1973). II)
Zr/Y-Y diagram after Pearce and Norry (1979). III) Zr-Y-Nb diagram after Meschede (1986). 
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IV) Th-Hf-Ta diagram after Wood (1980). IAT - island arc tholeiite, MORB - mid-ocean ridge 
basalt, CAB - calk-alkaline basalt, WPB - within-plate basalt, VAB - volcanic arc basalt, WPT 
- within-plate tholeiite, E-MORB - enriched MORB, N-MORB - normal MORB.
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Figure 5: Spider diagram of trace and rare-earth element data sorted by increasing compatibility, 
after Sun and McDonough (1989). Starred elements are especially mobile. The shaded area spans 
all within-plate trachybasalts in the area that are genetically related. Diagram normalized to 
normal-MORB (N-MORB) concentrations from Gale et al. (2013). Also plotted is an average 
ocean island basalt (OIB—dashed line) composition from Sun and McDonough (1989) in order 
to compare within-plate basalt volcanic rocks from Nelchina to the average.
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Figure 6: Concordia plots of zircon U-Pb analyses for samples 16Ba21 and 16Ba02, with 
ellipses showing 2σ error. A) 16 zircons from amphibolite sample 16Ba21 from the 
southernmost Talkeetna arc exposure in the area cluster on a concordia of 189.9 ± 2.2 Ma. B) 20 
zircons from sample 16Ba02 from a hypabyssal dike crosscutting the melange cluster on a 
concordia of 53.04 ± 0.93 Ma.
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Figure 7: 40Ar/39Ar plateau ages for two rocks from the southernmost BRUMC. A) Sample
16Ba21 (amphibolite from the base of the Talkeetna arc) hornblende 40Ar/39Ar plateau age is
182.6 ± 1.3 Ma. B) Sample 16Ba28 (gabbro from the base of the Talkeetna arc) hornblende
40Ar/39Ar plateau age is 184.0 ± 1.3 Ma.
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Figure 8: Photos showing the relationships between melange mudstone and chert (Mzms) at 
different scales. A) Folded white-gray ribbon chert that includes layers of green tuff. B) 
Tuffaceous material in thin section (plane polarized light) shows chlorite grew around large 
alkali feldspar clasts.
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Figure 9: Outcrop and thin section pictures of the pillow-lava block within the Nelchina 
melange. A) Overview of the block, indicating the locations of the photos shown in (B) and (C). 
Block is ~200m by 250m. B) The upper part of the outcrop, where sample 16Ba03 was taken, is 
a pillow trachyandesite. The pillow structures are less well preserved than lower in the outcrop. 
(Hammer for scale is 35cm long.) C) The lower part of the outcrop, from which sample 150715­
12 was taken, is well-preserved but altered pillow basalt. Each pillow is ~1m in diameter. D) 
Photomicrograph taken in plane-polarized light of sample 150715-12 showing randomly oriented 
plagioclase laths. These laths have been preserved as secondary albite and have not been aligned 
by shearing.
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Figure 10: Photomicrographs of trachybasalt sample 16Ba07, taken in cross-polarized light,
showing greenschist facies index minerals (chlorite and epidote) and degree of alteration. A) 
Vesicles are filled with calcite, chlorite, epidote, and quartz. Plagioclase laths are preserved in 
the groundmass between the vesicles. B) Larger grains of clinopyroxene and plagioclase still 
preserved. Plagioclase has altered almost completely to sericite.
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Figure 11: Classification diagram for igneous rocks based on immobile elements after
Winchester and Floyd (1977). Sample 16Ba03 (upper pillow lava) plots as a trachyandesite is 
significantly more felsic than other volcanic rocks in the study area, which are trachybasalts.
Sample 16Ba02 (cross-cutting felsite dike) plots as a dacite. Sample 16Ba21 (amphibolite) plots 
as a basaltic andesite. Diagram has been rotated 90 degrees and mirrored from the original 
diagram to more easily be an analog to total alkali vs silica diagram.
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Figure 12: Whole-rock 40Ar/39Ar plateaus from pillow-lava samples A) 150715-12 (basalt) and
B) 16Ba03 (trachyandesite). Sample 150715-12 yielded a saddle age of 57.02 ± 0.47 Ma based
on 31.3% of the 39Ar. Sample 16Ba03 yielded a saddle age of 61.7 ± 1.7 Ma at ~35% of Ar 
released. See text for interpretations of these results.
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Figure 13: Outcrop photo of the sample location of 16Ba02, which shows the southernmost 
cross-cutting felsite dike (Pgi). This dike, along with two others in the field area, are related to 
Sanak-Baranof plutonism. Black bear for scale. McHugh Complex mesomelange visible on right 
side of photo.
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Figure 14: Outcrop photos that show examples of the mudstone matrix of the McHugh Complex 
in the Nelchina area. A) The block-in-matrix structure typical of melange is displayed here at a 
larger scale, showing the scale independence of melange. Pencil is 10cm in length. B) The 
melange block-in-matrix structure displayed at a smaller scale. Hammer is 35cm in length.
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Figure 15: Trend of pluton ages throughout the Sanak-Baranof belt. Star indicates the location 
of dated felsite dike that cross-cuts the Nelchina melange, which fits in well with the established 
trend. Distance on x-axis is distance along strike of the Border Ranges fault (BRF). Modified 
from Bradley et al. (2000).
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Appendix (40Ar/39Ar methodology)
Standards and unknowns were placed in 2mm deep wells in 18mm diameter aluminum 
disks, with standards placed strategically so that the lateral neutron flux gradients across the disk 
could be evaluated. Planar regressions were fit to the standard data, and the 40Ar/39Ar neutron 
fluence parameter, J, interpolated for the unknowns. Uncertainties in J are estimated at 0.1 - 
0.2% (1σ), based on Monte Carlo error analysis of the planar regressions (Best et al. 1995). All 
specimens were irradiated in the Cadmium-lined, in-core CLICIT facility of the Oregon State 
University TRIGA reactor. The duration of irradiation was 10 hours and using the Fish Canyon 
sanidine (28.2 Ma; Kuiper et al. 2008) and GA1550 biotite (98.5 Ma; Spell and McDougall 
2003) standards.
Irradiated samples were placed in a Cu sample tray, with a KBr cover slip, in a stainless 
steel high-vacuum extraction line and baked with an infrared lamp for 24 hours. Single crystals 
and pieces of whole rock were either fused or step heated using the laser, and reactive gases were 
removed, after ~3 minutes, by three NP-10 SAES getters (two at room temperature and one at 
450°C) prior to being admitted to an ARGUSVI mass spectrometer by expansion. Five argon 
isotopes were measured simultaneously over a period of 6 minutes. Measured isotope 
abundances were corrected for extraction-line blanks, which were determined before every 
sample analysis. Line blanks averaged ~4.500 fA for mass 40 and ~0.016 fA for mass 36.
Mass discrimination was monitored by online analysis of air pipettes and gave a mean of 
D = 1.01085 ± 0.00043 per amu, based on 52 aliquots interspersed with the unknowns. A value 
of 295.5 was used for the atmospheric 40Ar/36Ar ratio (Steiger and Jager 1977) for the purposes 
of routine measurement of mass spectrometer discrimination using air aliquots, and correction 
for atmospheric argon in the 40Ar/39Ar age calculation. Corrections are made for neutron-induced 
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40Ar from potassium, 39Ar and 36Ar from calcium, and 36Ar from chlorine (Roddick 1983; Renne 
et al. 1998; Renne and Norman 2001). Data collection was performed using Pychron (Ross 
2017), and data reduction, error propagation, age calculation, and plotting were performed using 
MassSpec software (version 8.091; Deino 2013). The decay constants used were those 
recommended by Steiger and Jager (1977).
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Chapter 3: Conclusion
Three primary goals motivated this project:
1. Map and sample newly revealed melange exposures at the base of Nelchina Glacier in
order to provide a framework for analyses,
2. Characterize these exposures in order to describe variability in the McHugh Complex,
3. Determine timing constraints for accretion and subsequent disruption of the McHugh
Complex in this area.
The new map is presented in Figure 2 of Chapter 2, which is a submitted manuscript. The 
map shows that mesomelange is more prevalent towards the southern end of the exposure, where 
it is in contact with the Valdez Complex. I interpreted some of this deformation to be due to 
progressive stratal disruption inherent to Type II tectonic melange (from Cowan 1985). In 
addition, I mapped and analyzed pillow lavas that I interpreted (Chapter 2) to be the decapitated 
remains of a seamount, which probably played a role in the disruption of the melange as they 
were being subducted.
Rock characterization (point 2) resulted from substantial geochemical analyses for nine 
samples and petrographic analyses at the outcrop, hand sample, and thin section scales. The large 
block of volcanic rocks in the middle of the Nelchina melange (Figures 2 and 9) has a within- 
plate signature (Figure 4), which led to the interpretation that this block was part of a seamount 
that became incorporated into the melange. Other blocks within the melange are part of typical 
ocean plate stratigraphy—N-MORB (Figures 4 and 5), chert, and mudstone, all metamorphosed 
to greenschist facies. Based on these facts, I interpret the McHugh Complex as a tectonic 
melange, which shows progressively deformed ocean plate stratigraphy metamorphosed under 
the same temperature and pressure conditions (Wakabayashi 2015).
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The McHugh Complex has variable outcrop thickness, and is not present at all in some 
parts of the Chugach terrane (Figure 2 inset). This variation is caused by both strike-slip faulting 
along the BRF and topographic effects. The melange in the Nelchina area is a particularly thin 
exposure of McHugh Complex. The exposures in this area, however, are different in many ways 
from the McHugh as typically described by others. Here, the metamorphic grade is greenschist 
facies instead of prehnite-pumpellyite as reported elsewhere (e.g. Clark 1973, Burns et al. 1991, 
Bradley et al. 1993). Clark (1973) noted the presence of sandstones in both the type and 
reference localities of the McHugh Complex, but sandstones are entirely absent in the Nelchina 
melange. Finally, pillow lavas are rare in the McHugh Complex, and pillow trachyandesites have 
never been reported in the complex. The differences in metamorphic grade could mean this area 
of melange was subducted more deeply than other parts of the McHugh Complex before being 
uplifted and exhumed; it could also mean that this part of the McHugh Complex has been 
overprinted by a later metamorphic event. I favor the former, as there is no uniform pervasive 
foliation. The presence of basalt, chert, and mudstone, and the lack of sandstone in the Nelchina 
area could mean that the sandstone was tectonically eroded away during one or more events 
suggested by Amato and Pavlis (2010) or Amato et al. (2013). It could also mean that this 
particular part of the melange was not close enough to sedimentary input for there to be sand­
sized clasts.
Finally, I was able to assign ages to geological events in the area (point 3) by applying 
zircon U-Pb dating on three samples, and hornblende and whole-rock 40Ar/39Ar dating on four 
samples. The upper limit of accretion and deformation is set by two new ages on an amphibolite 
that is exposed to the north just across the BRF from the McHugh Complex. These ages indicate 
that the zircon crystallization age of this part of the arc is ~189 Ma, and it cooled through 
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amphibole closure temperature of 550°C by ~182 Ma. The latter age could represent the natural 
cooling age of the rock, or it could record the timing of exhumation of this part of the arc. The 
age of the Nelchina cross-cutting dikes fits in well with the established trend of near-trench 
pluton ages across southern Alaska (Figure 15), which are associated with spreading ridge 
subduction (e.g. Bradley et al. 1993, Lytwyn et al. 2000, Garver and Davidson 2015). Since these 
intrusions are undeformed and cross-cut both the melange and the arc basement, it is likely that 
the Peninsular and Chugach terranes had to be in their current configuration before Sanak- 
Baranof related plutons were intruded into these rocks in the Eocene. While ages on the 
seamount were inconclusive, they likely point to a partial resetting event that is coeval with the 
intrusion of three Sanak-Baranof plutons into the melange.
Future Work
Due to the complex nature of the exposures in this area (and in all melanges), there is 
room for more study to more fully understand this part of the accretionary complex. A larger 
scale map would more fully show the relationships between blocks within the melange and in 
more detail. A detailed mapping project, especially in the mesomelange unit, should be at 1:5000 
scale or larger. This map could confirm disruption of the melange that may be due to seamount 
subduction or shed some light on the more complex relationships in this unit. I also propose 
mapping the BRUMC exposures north of the BRF. My field work focused on the melange 
exposures and I only sampled the rocks north of the BRF to provide some missing age 
constraints from this part of the arc. However, I noticed that there was substantial variation in the 
BRUMC exposures just north of the BRF on a reconnaissance sampling day. This area has never 
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been mapped in detail before, and it may shed some light on the system of faults that make up 
the BRF.
Finally, fractures and faults are pervasive throughout the McHugh Complex, the southern 
BRUMC, and the Valdez Group. If these structures could be measured and mapped at sufficient 
density, this well-exposed part of the McHugh Complex could lead to a better understanding of 
the low-temperature deformation histories of these three exposures, if the facture patterns and 
densities are similar or different.
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Appendix A: Geochronological Data
Presented below are the geochronological data from zircon U-Pb analyses from the 
University of British Columbia and the University of New Brunswick. Also presented are the 
40Ar/39Ar data from the University of Manitoba. A concordia diagram for zircon U-Pb analyses 
for sample 16Ba03 was omitted from the above manuscript and follows the data tables.
Figure A.1 shows zircon analyses from sample 16Ba03, a trachyandesite from a 
decapitated seamount incorporated into the McHugh Complex at the base of Nelchina Glacier. 
These ages are spread across concordia and some ages are younger than the McHugh Complex, 
which is Jurassic to mid-Cretaceous in age. The younger ages are considered to be contamination 
from the separation lab, or the analytical lab. This also implies that there could be contamination 
among the zircon population older than the McHugh Complex. The older population could also 
be detrital, which would mean that the lavas that formed these pillows flowed over sea-floor 
sediment as it was extruded. Some zircons show what may be a discordia curve from ~2.5 Ga to 
~500 Ma. This could mean that ~2.5 Ga zircons suffered a partial resetting event at ~500 Ma and 
then were incorporated into this trachyandesite. Another, unfavored interpretation, is that the 
seamount itself is 2.5 Ga. This is far older than any known ocean crust is known to be able to 
reach.
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Table A.1: Zircon isotopic U-Pb data for samples 16BaO2, 16Ba21, and 16BaO3. Weighted mean ages for samples 16BaO2 and
16Ba21 based on 206Pb/238U single zircon ages. Sample 16Ba03 did not yield a meaningful weighted mean age.
Isotopic Ratios____________________________ _____________________Apparent Ages (Ma)
U*  (ppm) 207Pb/235U 2σ (abs) 206Pb/238U 2σ (abs) P 207Pb/206Pb 2σ (abs) 207Pb/235U 2c 206Pb/238U 2σ 207Pb/206Pb 2σ
16Ba02-l 0.056 0.014 0.0088 0.0007 0.0161 0.074 0.019 52.0 13.0 56.2 4.6 -360 330
16Ba02-2 0.049 0.016 0.0080 0.0008 0.2271 0.300 1.200 44.0 14.0 51.0 5.1
16Ba02-3 0.056 0.014 0.0082 0.0007 0.0263 0.180 0.210 52.0 13.0 52.5 4.6 130 610
16Ba02-4 0.055 0.011 0.0082 0.0005 0.0426 0.050 0.007 53.0 10.0 52.5 3.5 -40 210
16Ba02-5 0.060 0.013 0.0080 0.0006 0.0514 0.081 0.022 57.0 13.0 51.4 4.1 -30 320
16Ba02-6 0.059 0.014 0.0087 0.0007 0.0713 0.069 0.017 56.0 13.0 56.0 4.7 -240 310
16Ba02-7 0.059 0.010 0.0080 0.0005 0.0204 0.061 0.007 57.6 9.8 51.5 3.3 260 180
16Ba02-8 0.053 0.010 0.0081 0.0005 0.1192 0.048 0.006 51.4 9.3 51.9 3.3 -10 180
16Ba02-9 0.057 0.011 0.0083 0.0006 0.0517 0.075 0.018 55.0 11.0 53.5 4.1 170 250
16Ba02-10 0.064 0.015 0.0081 0.0007 0.1314 0.087 0.026 60.0 14.0 52.2 4.5 130 330
16Ba02-ll 0.076 0.021 0.0089 0.0010 0.0799 0.570 0.540 70.0 19.0 57.0 6.6
16Ba02-12 0.053 0.010 0.0082 0.0006 0.0509 0.053 0.008 51.3 9.3 52.4 3.8 80 220
16Ba02-13 0.053 0.015 0.0082 0.0008 0.0503 -1.000 1.400 48.0 14.0 52.5 5.0
16Ba02-14 0.047 0.011 0.0081 0.0006 0.0744 0.070 0.014 45.0 10.0 52.2 3.9 150 450
16Ba02-15 0.050 0.012 0.0081 0.0006 0.0701 0.061 0.014 48.0 11.0 52.2 3.9 -40 270
16Ba02-16 0.065 0.012 0.0086 0.0006 0.0666 0.055 0.008 63.0 12.0 55.3 4.0 130 250
16Ba02-17 0.058 0.012 0.0086 0.0007 0.0259 0.069 0.013 55.0 11.0 55.4 4.2 80 240
16Ba02-18 0.055 0.015 0.0084 0.0007 0.0261 0.079 0.023 51.0 14.0 53.9 4.7 -220 340
16Ba02-19 0.051 0.012 0.0080 0.0006 0.0056 0.056 0.010 47.0 11.0 51.6 3.8 -210 240
16Ba02-20 0.058 0.013 0.0086 0.0007 0.0775 0.073 0.016 55.0 12.0 55.0 4.7 210 540
Weighted mean 206Pb/238U age - 53.04 ± 0.94 Ma
Weighted mean 206Pb/238U age - 188.9 ± 2.2 Ma
16Ba21-l 0.225 0.013 0.0302 0.0011 0.1828 0.054 0.004 207.0 12.0 191.9 6.9 340 140
16Ba21-2 0.214 0.012 0.0294 0.0008 0.2138 0.052 0.003 195.3 9.8 186.8 5.0 240 130
16Ba21-3 0.109 0.004 0.0160 0.0003 0.2432 0.049 0.002 105.1 3.4 102.5 2.1 172 91
16Ba21-4 0.080 0.004 0.0120 0.0003 0.1869 0.049 0.003 77.6 3.6 76.9 1.9 140 110
16Ba21-5 0.208 0.009 0.0307 0.0008 0.3403 0.049 0.003 190.8 7.8 194.7 4.9 180 110
16Ba21-6 0.205 0.010 0.0304 0.0008 0.1487 0.051 0.003 191.3 8.7 192.8 4.8 230 120
16Ba21-7 0.215 0.011 0.0306 0.0009 0.2824 0.051 0.003 196.7 8.9 194.1 5.4 200 120
16Ba21-8 0.207 0.006 0.0301 0.0006 0.3209 0.050 0.002 190.7 5.2 191.0 4.0 199 91
16Ba21-9 0.212 0.010 0.0299 0.0008 0.3028 0.052 0.003 194.8 8.7 189.9 4.8 270 120
16Ba21-10 0.075 0.003 0.0111 0.0003 0.2186 0.049 0.003 73.9 3.1 71.3 1.6 170 100
16Ba21-ll 0.222 0.016 0.0311 0.0012 0.0320 0.051 0.004 202.0 13.0 197.5 7.3 270 160
16Ba21-12 0.199 0.010 0.0292 0.0009 0.0412 0.050 0.004 183.6 8.6 185.4 5.4 200 140
16Ba21-13 0.212 0.010 0.0301 0.0009 0.4970 0.051 0.003 194.4 8.7 190.8 5.8 210 110
16Ba21-14 0.213 0.009 0.0289 0.0008 0.2290 0.052 0.003 195.9 7.0 183.3 5.2 290 110
16Ba21-15 0.213 0.018 0.0291 0.0011 0.1510 0.052 0.005 197.0 15.0 185.1 7.0 230 170
16Ba21-16 0.210 0.013 0.0289 0.0010 0.2240 0.051 0.004 192.0 11.0 183.4 6.2 210 130
16Ba21-17 0.209 0.015 0.0296 0.0009 0.0626 0.049 0.004 191.0 12.0 188.0 5.8 130 150
16Ba21-18 0.078 0.003 0.0110 0.0004 0.4580 0.050 0.003 75.8 3.0 70.5 2.6 190 110
16Ba21-19 0.212 0.009 0.0295 0.0007 0.1863 0.051 0.003 194.0 7.8 187.3 4.7 220 110
16Ba21-20 0.209 0.008 0.0289 0.0007 0.2299 0.051 0.003 192.6 7.1 183.5 4.3 250 100
(continued)
16Ba03-l 44 0.503 0.020 0.0643 0.0012 0.1639 0.056 0.002 412 14 401.4 7.3 455 75
16Ba03-2 204 15.0 0.390 0.5382 0.0100 0.5599 0.203 0.003 2812 25 2774 43 2846 25
16Ba03-3 260 14.6 0.550 0.5300 0.0160 0.6539 0.201 0.005 2787 36 2739 65 2837 41
16Ba03-4 112 5.53 0.120 0.3436 0.0058 0.7926 0.117 0.001 1906.8 19 1903 28 1915 16
16Ba03-5 382 0.085 0.010 0.0099 0.0004 0.2696 0.062 0.008 81.9 9.3 63.2 2.6 560 260
16Ba03-6 210 12.5 0.360 0.4835 0.0091 0.5355 0.188 0.003 2640 27 2541 40 2714 30
16Ba03-7 401 0.103 0.013 0.0125 0.0005 0.0488 0.062 0.008 98 12 79.9 3 490 250
16Ba03-8 111 4.87 0.130 0.3121 0.0052 0.4519 0.114 0.002 1795 22 1751 25 1852 30
16Ba03-9 171 0.020 0.004 0.0007 0.0001 0.1847 0.208 0.044 19.8 4.1 4.7 0.36 1620 550
16Ba03-10 353 10.9 0.400 0.3570 0.0110 0.8237 0.222 0.004 2505 33 1964 53 2993 29
16Ba03-ll 125 13.7 0.750 0.4300 0.0220 0.8593 0.230 0.006 2716 53 2300 99 3047 42
16Ba03-12 340 0.501 0.019 0.0612 0.0011 0.2643 0.059 0.002 411 13 383.8 6.9 561 66
16Ba03-13 388 1.66 0.055 0.1611 0.0029 0.1664 0.075 0.002 991 22 963 16 1076 51
16Ba03-14 220 0.523 0.043 0.0046 0.0004 0.6833 0.866 0.050 420 28 29.2 2.4 5110 110
16Ba03-15 40 3.29 0.120 0.1219 0.0043 0.7962 0.196 0.004 1477 29 741 25 2788 34
16Ba03-16 54 11.4 0.270 0.4388 0.0079 0.7782 0.189 0.002 2554 22 2344 35 2729 16
16Ba03-17 498 3.00 0.087 0.2367 0.0041 0.4788 0.092 0.002 1404 22 1369 22 1465 37
16Ba03-18 70 12.8 0.370 0.4962 0.0100 0.5318 0.187 0.004 2661 27 2596 44 2707 31
16Ba03-19 596 0.044 0.006 0.0057 0.0002 0.0605 0.057 0.008 43.4 5.8 36.4 1.3 260 230
16Ba03-20 43 11.2 0.310 0.4575 0.0100 0.6508 0.180 0.003 2539 28 2426 44 2643 31
16Ba03-21 151 0.603 0.032 0.0469 0.0009 0.0514 0.094 0.005 478 20 295.7 5.3 1475 95
16Ba03-22 109 4.67 0.180 0.3002 0.0067 0.3728 0.113 0.004 1757 33 1692 33 1828 60
16Ba03-23 99 10.5 0.250 0.4577 0.0079 0.5317 0.168 0.002 2480 22 2429 35 2532 22
16Ba03-24 1168 2.04 0.059 0.1893 0.0031 0.3313 0.079 0.002 1125 20 1117 17 1151 45
16Ba03-25 37 10.1 1.700 0.4220 0.0140 0.6263 0.173 0.015 2370 170 2262 63 2590 140
16Ba03-26 113 0.362 0.018 0.0461 0.0010 0.0931 0.058 0.003 313 13 290.3 6.2 480 100
16Ba03-27 231 1.96 0.056 0.1715 0.0027 0.1661 0.083 0.002 1101 19 1019.9 15 1260 43
16Ba03-28 43 12.8 0.380 0.4736 0.0090 0.5385 0.197 0.004 2665 28 2498 39 2800 30
16Ba03-29 147 13.5 0.320 0.5199 0.0082 0.6962 0.188 0.002 2712 22 2698 35 2724 17
16Ba03-30 102 4.96 0.130 0.3166 0.0053 0.5702 0.114 0.002 1814 24 1772 26 1858 29
16Ba03-31 180 0.031 0.009 0.0005 0.0001 0.0397 0.000 0.540 30.7 9 3.21 0.82 -7100 7800
16Ba03-32 137 12.2 0.340 0.4748 0.0100 0.5503 0.188 0.003 2619 26 2502 44 2714 30
16Ba03-33 63 4.09 0.110 0.2844 0.0047 0.4914 0.105 0.002 1652 24 1613 23 1701 34
16Ba03-34 70 11.2 1.200 0.4440 0.0120 0.5437 0.180 0.014 2512 110 2368 55 2600 140
16Ba03-35 41 9.88 0.630 0.3370 0.0210 0.8890 0.211 0.003 2407 58 1861 100 2911 25
16Ba03-36 34 11.5 0.430 0.4090 0.0140 0.5452 0.207 0.006 2563 34 2209 62 2869 48
16Ba03-37 290 0.228 0.027 0.0228 0.0008 0.1447 0.073 0.009 203 22 145.6 5.1 720 230
16Ba03-38 112 16.0 0.480 0.5363 0.0110 0.6654 0.216 0.004 2868 29 2765 45 2943 28
16Ba03-39 410 0.007 0.004 0.0002 0.0000 0.0720 -0.180 0.310 7.2 4.2 1.11 0.3 -18900 9800
16Ba03-40 507 0.801 0.042 0.0944 0.0021 0.2278 0.062 0.003 591 24 581.1 12 590 110
16Ba03-41 98 9.75 0.420 0.3859 0.0100 0.8406 0.182 0.004 2401 41 2100 47 2667 37
16Ba03-42 210 0.309 0.015 0.0440 0.0008 0.1930 0.051 0.002 273 11 277.8 5.1 217 88
16Ba03-43 28 12.2 0.380 0.4560 0.0120 0.6341 0.194 0.004 2618 29 2421 54 2769 35
16Ba03-44 159 4.06 0.120 0.2735 0.0052 0.6088 0.107 0.002 1643 23 1558 26 1745 31
16Ba03-45 55 3.39 0.610 0.1390 0.0120 0.7244 0.161 0.025 1380 150 829 65 2640 180
16Ba03-46 62 12.6 0.360 0.4947 0.0120 0.6826 0.185 0.003 2650 27 2589 50 2692 27
16Ba03-47 37 13.0 0.330 0.5119 0.0100 0.5185 0.185 0.003 2678 25 2662 44 2691 27
16Ba03-48 1062 14.5 0.370 0.5095 0.0091 0.7185 0.207 0.003 2780 24 2653 39 2875 21
16Ba03-49 83 13.3 0.360 0.4893 0.0093 0.4810 0.196 0.004 2694 26 2566 40 2789 30
16Ba03-50 193 0.494 0.019 0.0641 0.0010 0.1290 0.056 0.002 406 13 400.6 6.2 416 70
16Ba03-51 3770 1.73 0.054 0.1691 0.0027 0.3405 0.074 0.002 1018 19 1007.2 15 1026 46
16Ba03-52 41400 1.77 0.057 0.1689 0.0031 0.4576 0.075 0.002 1030 21 1006 17 1065 48
16Ba03-53 125 8.19 0.240 0.3725 0.0069 0.8824 0.159 0.002 2248 27 2040 32 2445 21
16Ba03-54 22 18.0 1.500 0.4990 0.0180 0.8239 0.255 0.013 2932 72 2612 77 3155 79
16Ba03-55 0 12.8 0.500 0.4550 0.0120 0.7958 0.203 0.005 2661 38 2415 53 2847 37
16Ba03-56 0 27.9 2.400 0.6060 0.0230 0.7521 0.328 0.018 3391 96 3047 94 3584 92
NOTE: Samples 16Ba02 and 16Ba21 analyzed at the University of British Columbia. Sample 16Ba03 analyzed at the University of New Brunswick.
Table A.2: Amphibole 40Ar/39Ar isotopic data for samples 16Ba21 and 16Ba28.
Relative Isotopic abundances (fAmps)*
Laser Power
(%)
40Ar ±
(M
39Ar ±
(M
38 Ar ±
(M
37Ar ±
(M
36Ar ±
(M
Ca/K ±
1σ
Cl/K ±
(1σ
40Ar*/
39Ar(k)
±
(M
40 Ar*  
(%)
Age 
(Ma)
±
(1σ)
Sample 16Ba21, BRUMC, amphibole, J -= 0.002699 ±1.63E-06
Aliquot 1
0.5 14.770 0.0621 -0.0622 0.0620 -0.0124 0.0290 0.1978 0.0254 0.0490 0.0014 -20.194 20.810 0.965 1.692 -5.389 8.633 2.286 -26.4 42.7
2 69.753 0.0723 1.2019 0.0601 0.0353 0.0283 10.1218 0.0286 0.0792 0.0017 54.939 2.901 0.017 0.071 41.498 2.230 70.166 191.5 9.8
2.5 365.734 0.0946 9.0570 0.0619 0.0716 0.0318 30.6625 0.0277 0.0621 0.0015 21.845 0.169 -0.015 0.010 39.507 0.288 97.125 182.8 1.3
3 373.695 0.0841 9.3462 0.0661 0.1541 0.0291 29.2041 0.0312 0.0524 0.0015 20.178 0.161 0.011 0.009 39.391 0.297 97.860 182.3 1.3
4 80.613 0.0687 1.9759 0.0635 -0.0615 0.0312 7.4983 0.0302 0.0180 0.0012 24.576 0.832 -0.130 0.047 39.405 1.332 95.794 182.4 5.9
5 63.669 0.0725 1.5897 0.0646 0.0836 0.0293 6.0194 0.0283 0.0088 0.0012 24.537 1.048 0.116 0.055 39.721 1.699 98.366 183.7 7.5
Aliquot 2
0.5 1.256 0.0604 0.0512 0.0624 -0.0105 0.0291 0.0325 0.0252 0.0042 0.0009 4.085 6.070 -0.673 1.886 0.237 5.361 0.967 1.2 26.1
2 57.160 0.0720 1.1088 0.0667 0.0026 0.0297 4.1105 0.0278 0.0676 0.0016 24.067 1.519 -0.061 0.080 34.759 2.223 66.885 161.8 9.9
2.25 124.348 0.0820 3.1116 0.0668 0.0848 0.0304 10.4288 0.0262 0.0242 0.0012 21.755 0.494 0.041 0.029 38.808 0.876 96.410 179.7 3.9
2.5 359.939 0.0859 9.1534 0.0619 0.1595 0.0301 28.6824 0.0302 0.0399 0.0014 20.357 0.156 0.014 0.010 39.105 0.282 98.777 181.0 1.2
2.75 198.522 0.0855 5.0225 0.0571 0.0382 0.0308 15.6619 0.0271 0.0249 0.0011 20.271 0.249 -0.015 0.018 39.129 0.470 98.331 181.1 2.1
3 19.231 0.0592 0.5027 0.0621 -0.0225 0.0286 1.6613 0.0252 0.0017 0.0010 21.506 2.785 -0.167 0.171 38.405 4.972 99.677 178.0 21.9
4 130.156 0.0798 3.2422 0.0580 0.0869 0.0300 12.4251 0.0271 0.0203 0.0011 25.004 0.475 0.041 0.028 39.619 0.748 97.868 183.3 3.3
5 14.261 0.0622 0.4153 0.0621 -0.0613 0.0297 1.5099 0.0273 0.0016 0.0009 23.723 3.724 -0.468 0.226 34.411 5.405 99.429 160.2 24.1
Sample 16Ba28, BRUMC, amphibole, J = 0.002699 ±1.5E-06
Aliquot 1
0.5 1.526 0.0592 0.0125 0.0011 -0.0383 0.0372 0.0915 0.0331 0.0037 0.0009 47.386 17.872 -9.258 9.004 36.500 23.217 29.354 169.5 102.9
2 72.323 0.0666 0.5933 0.0678 0.0998 0.0234 3.1042 0.0227 0.2060 0.0023 33.663 4.019 0.269 0.122 20.847 2.772 16.906 98.7 12.8
2.5 80.430 0.0717 2.1531 0.0642 0.0474 0.0301 29.0903 0.0315 0.1129 0.0020 88.659 2.828 0.005 0.043 26.073 0.879 67.700 122.7 4.0
3 141.305 0.0769 3.8741 0.0634 0.1531 0.0306 44.5908 0.0310 0.1370 0.0020 75.283 1.328 0.066 0.024 29.718 0.542 79.391 139.2 2.4
4 32.525 0.0722 0.9724 0.0623 -0.0387 0.0310 14.1964 0.0278 0.0367 0.0013 96.238 6.585 -0.172 0.098 26.886 1.887 77.766 126.4 8.6
5 23.184 0.0676 0.8646 0.0631 0.1208 0.0269 11.9164 0.0281 0.0237 0.0013 90.749 7.051 0.372 0.099 22.954 1.838 82.965 108.4 8.4
Aliquot 2
2 275.596 0.0948 5.0998 0.0605 0.1381 0.0311 15.5104 0.0278 0.2939 0.0027 22.189 0.282 0.013 0.018 38.169 0.504 70.113 176.9 2.2
2.5 382.968 0.1018 8.9186 0.0666 0.1853 0.0309 26.3917 0.0310 0.1660 0.0021 21.599 0.178 0.016 0.010 38.572 0.311 89.188 178.7 1.4
2.8 328.255 0.0895 7.0569 0.0634 0.1184 0.0296 20.4718 0.0289 0.1918 0.0024 21.185 0.207 0.000 0.013 39.599 0.387 84.538 183.2 1.7
3 463.860 0.1063 9.9534 0.0622 0.2277 0.0310 30.2620 0.0286 0.2660 0.0027 22.241 0.156 0.018 0.009 39.881 0.277 84.948 184.4 1.2
4 410.818 0.1073 1.5109 0.0584 0.2472 0.0286 5.4553 0.0283 1.1901 0.0054 26.470 1.077 0.012 0.057 40.555 2.088 14.784 187.4 9.2
5 41.343 0.0587 0.1277 0.0616 -0.0130 0.0311 0.4945 0.0259 0.1244 0.0020 28.434 14.377 -0.867 0.848 37.394 19.397 11.438 173.5 85.8
* Corrected for blank, mass discrimination, and radioactive decay
Sensitivity 6.312E-17± 1.047E-18 (mol/fAmp)
Table A.3: Whole-rock 40Ar/39Ar isotopic data for samples 150715-12 and 16Ba03.
Relative Isotopic abundances (fAmps)*
Laser Power
(%)
40Ar ±
(M
39Ar ±
(M
38 Ar ±
(M
37Ar ±
(M
36Ar ±
(M
Ca/K ±
(1σ)
Cl/K ±
(1σ)
40Ar*/
39Ar(k)
±
(M
40Ar*  
(%)
Age 
(Ma)
±
(M
Sample 150715-12, pillow trachybasalt, whole-rock, J = 0.002704 ±2.49E-06
Aliquot 1
0.5 14.737 0.0665 1.1814 0.0632 -0.0092 0.0322 0.4411 0.0280 0.0131 0.0012 2.303 0.195 -0.064 0.081 9.291 0.604 74.462 44.8 2.9
0.8 20.641 0.0673 1.7424 0.0658 0.0439 0.0297 0.5687 0.0265 0.0140 0.0012 2.015 0.123 0.033 0.050 9.552 0.428 80.619 46.0 2.0
42.978 0.0663 3.4338 0.0636 0.0505 0.0332 0.6273 0.0270 0.0109 0.0013 1.128 0.054 0.006 0.029 11.620 0.248 92.850 55.8 1.2
1.4 108.722 0.0799 7.7082 0.0642 0.1114 0.0301 1.3326 0.0272 0.0261 0.0014 1.069 0.024 0.005 0.012 13.144 0.127 93.200 63.0 0.6
1.7 151.391 0.0807 8.8850 0.0683 0.1241 0.0280 1.7016 0.0265 0.0123 0.0011 1.185 0.021 0.004 0.009 16.678 0.139 97.887 79.6 0.6
2 99.616 0.0760 6.1666 0.0600 0.0459 0.0299 1.4922 0.0257 0.0053 0.0011 1.498 0.030 -0.014 0.014 15.959 0.170 98.787 76.2 0.8
2.25 71.415 0.0676 5.1614 0.0657 0.0309 0.0319 1.5995 0.0264 0.0028 0.0012 1.922 0.041 -0.018 0.018 13.755 0.194 99.389 65.9 0.9
2.5 50.134 0.0725 3.8738 0.0613 0.1011 0.0309 1.7788 0.0282 0.0064 0.0011 2.851 0.066 0.040 0.024 12.575 0.223 97.114 60.3 1.1
2.75 41.773 0.0646 3.0078 0.0576 -0.0458 0.0302 1.6375 0.0289 0.0217 0.0012 3.383 0.091 -0.083 0.030 11.899 0.264 85.619 57.1 1.2
3 46.751 0.0694 3.7253 0.0652 0.0076 0.0281 3.3943 0.0258 0.0076 0.0010 5.673 0.113 -0.030 0.022 12.191 0.237 96.991 58.5 1.1
4 116.355 0.0726 9.1992 0.0597 0.0790 0.0301 12.0375 0.0282 0.0368 0.0012 8.161 0.063 -0.012 0.010 11.821 0.090 93.234 56.8 0.4
5 25.915 0.0664 2.0121 0.0608 -0.0459 0.0327 1.4553 0.0292 0.0078 0.0009 4.508 0.168 -0.104 0.048 11.919 0.399 92.442 57.2 1.9
6 9.122 0.0661 0.5583 0.0615 -0.0149 0.0290 0.5412 0.0280 -0.0031 0.0009 6.053 0.758 -0.110 0.155 18.225 2.135 111.363 86.8 9.9
7 10.288 0.0640 0.7481 0.0621 -0.0062 0.0284 0.5306 0.0289 0.0017 0.0009 4.429 0.452 -0.061 0.113 13.253 1.199 96.269 63.5 5.6
Sample 16Ba03, pillow trachyandesite, whole-rock, J = 0.002703 ±2.36E-06
Aliquot 1
0.5 466.202 0.1110 43.6051 0.0633 0.5579 0.0284 0.3727 0.0277 0.0450 0.0013 0.053 0.004 0.001 0.002 10.384 0.018 97.168 49.9 0.1
0.8 172.120 0.0776 15.2437 0.0686 0.1577 0.0281 0.1273 0.0298 0.0032 0.0010 0.052 0.012 -0.005 0.005 11.226 0.056 99.472 53.9 0.3
236.835 0.0897 19.0335 0.0630 0.1881 0.0334 0.1145 0.0281 0.0054 0.0010 0.037 0.009 -0.007 0.005 12.354 0.045 99.332 59.3 0.2
1.4 430.292 0.1045 32.6421 0.0627 0.3475 0.0292 0.2339 0.0261 0.0081 0.0011 0.044 0.005 -0.005 0.003 13.104 0.028 99.456 62.8 0.1
1.7 381.962 0.0942 28.2807 0.0622 0.3446 0.0296 0.2222 0.0290 0.0123 0.0010 0.049 0.007 0.000 0.003 13.374 0.033 99.065 64.1 0.2
2 494.698 0.1196 37.3085 0.0663 0.4350 0.0296 0.2864 0.0278 0.0155 0.0011 0.048 0.005 -0.002 0.002 13.133 0.026 99.087 62.9 0.1
2.25 465.359 0.1067 35.2804 0.0646 0.3659 0.0348 0.2582 0.0262 0.0193 0.0012 0.046 0.005 -0.006 0.003 13.024 0.027 98.787 62.4 0.1
2.5 403.632 0.0939 29.8784 0.0672 0.4752 0.0302 0.2804 0.0272 0.0162 0.0011 0.059 0.006 0.010 0.003 13.346 0.033 98.834 63.9 0.2
2.75 297.975 0.0944 21.1193 0.0674 0.2416 0.0290 0.2038 0.0264 0.0114 0.0011 0.060 0.008 -0.003 0.004 13.946 0.049 98.890 66.7 0.2
3 171.736 0.0845 11.6935 0.0658 0.1215 0.0292 0.1048 0.0285 0.0069 0.0010 0.056 0.016 -0.006 0.007 14.508 0.088 98.831 69.4 0.4
4 275.694 0.0938 17.3629 0.0618 0.2482 0.0284 0.0830 0.0276 0.0252 0.0012 0.030 0.010 0.005 0.005 15.444 0.061 97.307 73.8 0.3
5 98.550 0.0737 5.9691 0.0617 0.1020 0.0302 0.1377 0.0271 0.0302 0.0012 0.145 0.029 0.011 0.015 15.016 0.172 90.988 71.8 0.8
6 130.887 0.0782 8.0544 0.0651 0.1318 0.0293 0.1385 0.0282 0.0366 0.0012 0.108 0.022 0.010 0.011 14.906 0.132 91.766 71.3 0.6
7 106.917 0.0742 6.9298 0.0635 0.1160 0.0304 0.2522 0.0254 0.0355 0.0012 0.230 0.023 0.010 0.013 13.921 0.142 90.261 66.6 0.7
Aliquot 2
0.5 112.472 0.0733 15.2692 0.0650 0.2109 0.0318 0.1047 0.0274 0.0991 0.0017 0.048 0.013 0.001 0.006 5.446 0.043 73.974 26.4 0.2
0.8 519.673 0.1022 51.6158 0.0678 0.6821 0.0316 0.4414 0.0268 0.1286 0.0021 0.060 0.004 0.002 0.002 9.329 0.020 92.708 44.9 0.1
579.744 0.1104 45.4191 0.0630 0.5110 0.0327 0.2687 0.0256 0.0761 0.0018 0.041 0.004 -0.004 0.002 12.265 0.024 96.134 58.8 0.1
1.4 773.222 0.1036 57.4677 0.0481 0.6141 0.0202 0.3232 0.0182 0.0783 0.0014 0.039 0.002 -0.005 0.001 13.047 0.017 97.019 62.5 0.1
1.7 825.380 0.1275 64.0003 0.0697 0.7239 0.0329 0.4402 0.0283 0.0535 0.0014 0.048 0.003 -0.003 0.002 12.645 0.019 98.100 60.6 0.1
2 867.969 0.1463 67.4562 0.0708 0.7662 0.0300 0.5497 0.0259 0.0828 0.0018 0.057 0.003 -0.003 0.001 12.500 0.019 97.197 59.9 0.1
2.25 755.166 0.1307 55.5426 0.0695 0.5641 0.0311 0.4411 0.0296 0.0966 0.0018 0.056 0.004 -0.007 0.002 13.078 0.023 96.235 62.7 0.1
2.5 306.286 0.0929 20.9037 0.0726 0.2223 0.0265 0.2025 0.0255 0.0332 0.0013 0.068 0.009 -0.005 0.004 14.178 0.056 96.814 67.8 0.3
2.75 148.415 0.0778 9.7205 0.0626 0.0687 0.0311 0.1054 0.0291 0.0102 0.0010 0.076 0.021 -0.015 0.009 14.953 0.105 97.983 71.5 0.5
3 24.765 0.0639 1.6412 0.0664 0.0707 0.0285 -0.0561 0.0283 0.0001 0.0010 -0.243 0.124 0.089 0.051 15.063 0.655 99.881 72.0 3.1
(continued)
4 230.583 0.0952 14.9951 0.0641 0.1514 0.0311 0.0848 0.0271 0.0244 0.0011 0.040 0.013 -0.007 0.006 14.890 0.071 96.877 71.2 0.3
5 132.427 0.0765 9.2348 0.0617 0.1070 0.0305 0.1321 0.0277 0.0188 0.0011 0.101 0.022 -0.003 0.010 13.734 0.103 95.823 65.8 0.5
6 130.813 0.0746 9.5294 0.0620 0.1138 0.0279 0.1135 0.0260 0.0197 0.0012 0.084 0.020 -0.002 0.009 13.114 0.096 95.579 62.8 0.5
7 84.428 0.0728 5.6776 0.0613 0.0095 0.0277 0.0716 0.0271 0.0081 0.0010 0.089 0.034 -0.031 0.014 14.447 0.170 97.198 69.1 0.8
Aliquot 3
0.5 217.052 0.0906 17.5300 0.0625 0.2951 0.0323 0.1137 0.0298 0.1737 0.0025 0.046 0.012 0.008 0.005 9.451 0.057 76.369 45.5 0.3
0.8 147.959 0.0798 13.7772 0.0646 0.0769 0.0291 0.0635 0.0283 0.0087 0.0012 0.032 0.015 -0.020 0.006 10.548 0.058 98.272 50.7 0.3
1 301.996 0.0898 23.7376 0.0619 0.1908 0.0290 0.0795 0.0286 0.0214 0.0012 0.023 0.009 -0.013 0.004 12.450 0.038 97.913 59.7 0.2
1.2 353.930 0.1016 24.8680 0.0629 0.2486 0.0315 0.0762 0.0272 0.0287 0.0014 0.021 0.008 -0.007 0.004 13.885 0.042 97.611 66.5 0.2
1.4 831.734 0.1278 56.6103 0.0691 0.6329 0.0301 0.2530 0.0257 0.0638 0.0015 0.032 0.003 -0.004 0.002 14.353 0.023 97.741 68.7 0.1
1.6 795.026 0.1242 58.9307 0.0686 0.7007 0.0304 0.3158 0.0264 0.0471 0.0015 0.038 0.003 -0.001 0.002 13.250 0.021 98.261 63.5 0.1
1.8 731.620 0.1183 56.9158 0.0648 0.7090 0.0301 0.3492 0.0278 0.0556 0.0015 0.044 0.004 0.000 0.002 12.561 0.020 97.766 60.2 0.1
2 888.188 0.1384 69.1702 0.0707 0.8297 0.0324 0.4935 0.0295 0.0775 0.0019 0.051 0.003 -0.001 0.001 12.505 0.019 97.438 60.0 0.1
2.2 743.226 0.1309 56.3588 0.0641 0.6699 0.0318 0.3942 0.0264 0.0502 0.0015 0.050 0.003 -0.001 0.002 12.919 0.020 98.018 61.9 0.1
2.4 495.049 0.1106 36.5039 0.0621 0.4744 0.0321 0.2177 0.0246 0.0301 0.0013 0.042 0.005 0.002 0.003 13.313 0.028 98.216 63.8 0.1
2.6 493.895 0.0993 35.7935 0.0664 0.4767 0.0348 0.2921 0.0248 0.0267 0.0013 0.058 0.005 0.003 0.003 13.573 0.030 98.418 65.0 0.1
3 367.219 0.0986 26.3119 0.0646 0.2319 0.0285 0.1839 0.0279 0.0166 0.0011 0.050 0.008 -0.010 0.003 13.765 0.039 98.678 65.9 0.2
4 478.744 0.1093 33.0128 0.0598 0.3528 0.0288 0.2022 0.0296 0.0374 0.0013 0.044 0.007 -0.005 0.003 14.161 0.031 97.700 67.8 0.1
6 503.765 0.1021 36.2063 0.0734 0.4448 0.0288 0.3557 0.0259 0.0730 0.0018 0.071 0.005 -0.001 0.002 13.314 0.034 95.737 63.8 0.2
* Corrected for blank, mass discrimination, and radioactive decay
Sensitivity 6.312E-17± 1.047E-18 (mol/fAmp)
Figure A.1: Concordia plot of sample 16Ba03 that shows the large spread of U-Pb ages. Ages 
younger than ~70 Ma are considered to be contamination from either the separation lab or the 
analytical lab. Error ellipses are 2σ.
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